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ABSTRACT 
"Modeling the Impact of Landuse Changes on Nonpoint Source Pollution 
Loading in the Guanlan River Basin" 
Submitted by HUI, Wing-chi for the degree of Master of Philosophy 
at the Chinese University of Hong Kong in July, 2001 
Landuse changes in a watershed can have significant impacts on nonpoint source 
pollution. This study aims at developing a framework to evaluate the impact of 
landuse changes on nonpoint source pollution loading and water quality of the stream 
of the Guanlan River Basin. This watershed is one of the critical basins providing 
sources of urban water supplies for Shenzhen and Hong Kong. 
The framework developed is based on the watershed simulation approach integrating 
geoinformatic techniques with hydrologic and water quality modeling. Landuse 
and land cover changes of the Guanlan River Basin were determined by the 
interpretation of satellite imagery. Hydrologic and water quality models were 
embedded into the Arc View Geographic Information System for simulation of the 
impact of landuse changes on nonpoint source pollution loading and water quality. 
Imagery interpretation results showed that there was 21.2% increase in urban areas 
from 1991 to 1998 at the expense of agricultural areas. The majority of landuse 
changes took place in the period of 1991-1994. Spatially, landuse change was not 
uniform over the entire watershed, taking place mainly around the old towns and 
along the river. From the pattern of landuse changes depicted, it is anticipated that 
i 
urbanization in the Guanlan River Basin may continue and more and more rural 
lands will be converted for urban uses. To project the consequent water quality 
changes in the future, three urbanization-landuse change scenarios were proposed, 
representing conversion of one-third, two-third or all of the developable land into 
urban areas. The water quality modeling approach has been used to assess the 
nonpoint source pollution loading and the resultant water quality environment. 
Two watershed modeling techniques were adopted to simulate water quality impacts. 
The first one was based on the Soil Conservation Service Curve Number (CN) and 
the Event Mean Concentration (EMC) to estimate the level of areal nonpoint source 
pollution loading. The second one was built on the Water Quality Analysis 
Simulation Program (WASP) to simulate instream water quality. 
From the simulation results, it is projected that the areal Biochemical Oxygen 
Demand (BOD) loading will increase, the Total Phosphorus (TP) will decrease and 
the Total Nitrogen (TN) will remain about the same as the urbanization process 
progresses. The drop in TP loading is expected because phosphorus is largely an 
agricultural chemical which will decrease as farmlands dwindle as a result of 
urbanization. Since the per unit area TN loading factors for agricultural land and 
urban impervious surface are about the same, the conversion of agricultural areas to 
urban land is not expected to result in significant changes in TN loading and 
pollution levels. However, BOD loading will increase as more land becomes 
urbanized because urban land produces more BOD loading than a cropland on a unit 
area basis. 
Model projection indicates that significant increases in BOD concentration in certain 
ii 
river segments are expected. It is also found that TN concentration will increase in 
some segments but decrease in the others while TP concentration is expected to 














化0這三個方案包括：（1 )三分一的可發展土地演變成城市用地；（2 )三分 
二的可發展土地演變成城市用地；及（3 )全部的可發展土地演變成城市用地。 
在模擬水質可能出現的變化時，本硏究採用了兩個流域模型•第一個是結合 
Curve Number及Event Mean Concentration的方法，分析非點源污染物的負荷； 
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Since China adopted the "reform and open door" policy in the late 1970s, 
accelerated industrialization and urbanization has increasingly transformed the 
Pearl River Delta from a predominantly agricultural region to an industrial-urban 
one. Environmental pollution induced from rapid change of landuse and land 
cover has led to water quality deterioration in the Dongjiang Basin. 
Enforcement of environmental regulations has controlled, to certain extents，point 
source wastewater discharges, leaving nonpoint source pollution mostly 
uimianaged. This thesis highlights the framework of studying the impacts of 
landuse alteration on nonpoint source pollution in the Guanlan River Basin, which 
is a sub-basin of the Dongjiang Basin. Satellite imagery interpretation 
techniques were employed to analyze the landuse and landcover changes. 
Geographic Information System (GlS)-based water quality modeling approach 
was adopted to assess the impacts of landuse and landcover change on nonpoint 
source pollution loading and hence the instream water quality. 
1.1. Background 
Pearl River Delta (PRD) is located in South China covering a triangular region 
with Guangzhou at its northern end, Zhuhai and Shenzhen at its base. PRD is at 
the confluence of three main rivers of the Pearl River drainage system: Beijiang, 
Dongjiang and Xijiang (Figure 1.1). PRD consists of the Pearl River's flood 
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plain and surrounding hills with a total area of about 25 300 km^, encompassing 
28 cities and counties. Until the late 1970s, "mulberry bund and fish pond，， 
agriculture dominated the PRD. The regional economy comprised of the 
cultivation of rice, sugar cane and fresh fruit, rearing of fish, together with 
handicraft industries including silk and pottery. Economic development and 
associated urbanization have been accelerated by the introduction of the 
"economic reform" and "open door policy" in 1978. Special Economic Zones 
(SEZ) were first established in the coastal areas and later expanded to the whole 
territory of PRD. The 1988 State Land Administration Law about the 
transferable land use right has accelerated urban development. Formerly a 
predominately agricultural region, the PRD has been highly industrialized and 
urbanized in the past two decades. 
Gross domestic product (GDP) of the PRD has grown at an average annual rate of 
13.9% and gross industrial output has increased by an average annual rate of 21% 
annually for the period of 1979-1993. Although the PRD region occupies only 
23% area of the Guangdong province, accounts for 31.2% of the provincial 
population. The GDP composition for the primary, secondary and tertiary 
sectors in 1990 was 15:46:39 (GDSTJ 1994). Economic success of the PRD 
region has been reinforced by massive land development through cutting of hill 
slopes, land reclamation along rivers and estuaries, and conversion of farmland to 
construction sites for housing and factories. According to official statistics 
(Guangdong EPB 1999)，arable land in the PRD dwindled from 1044.7 thousand 
hectare in 1981 to 898.2 thousand hectare in 1991, a decrease of 14.0% in ten 
years. Although agriculture can still be found, agricultural activities have largely 
2 
shifted from self-sustained paddy farming to mainly market-oriented cash crop 
planting (Roberts and Chan 1997). 
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Figure 1.1 Map of the Pearl River Delta 
Landuse conversion has been closely influenced by economic development in the 
PRD. Two different stages of the economic development can be observed in the 
PRD (Li 1997). In the first stage (1978-1990), the economy was mainly 
composed of labour-intensive processing industries. Centers of the fast 
economic growing areas were mainly the historical economic towns such as 
Guangzhou, Foshan, Dongguan, etc. and Special Economic Zones like Shenzhen 
and Zhuhai. The pattern was that industries were dispersing. Despite 
3 
concentration in the major cities, growth of industries outside major cities has 
benefited from the control of expansion of larger cities. Farmlands have been 
either converted to industrial and urban areas or left fallowed near the industrial 
districts and in urban fringe. The second stage (1990-present) is characterized 
by diversification of the economy to tertiary and real estate industries. These 
two stages have been closely associated with different processes of urbanization 
and landuse changes in the PRD. 
Dongjiang (East River) Basin has been instrumental to the economic success and 
prosperity of the PRD over the past two decades by supplying fresh water for 
domestic and industrial uses. Average water consumption rate in the PRD is 
o 1 1 
0.344 m head" day" (Zhang and Wu 1999) while the corresponding figure for 
o 1 1  
Hong Kong is 0.369 m head" day" (WSD 2000). The increase in population, 
urban development and rapid pace of landuse alteration have significantly 
heightened the demand for clean and sufficient drinking water, while at the same 
time degraded water resources. 
Point source wastewater discharge and non-point source pollution have 
significantly polluted water bodies. Water quality of the mainstream Dongjiang 
can only be marginally classified as Grade II of the National Water Quality 
Criteria of China\ the low reaches have even been polluted to exceed Grade II 
(Ho and Hui 2000a, 2000b). Those water quality parameters which show 
significant deterioration include biological oxygen demand (BOD), ammonia 
1 According to the National Water Quality Criteria of China (GB3838-88), surface water quality is 
classified to five grades. Water of grade I and 11 quality is deemed suitable as source for domestic 
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nitrogen, fluorides, petroleum and faecal coliforms (Guangdong EPB 1999，Ho 
and Hui 2000b). Water contamination has been caused by both direct (point 
source) wastewater discharges and diffuse (non-point source) pollution. As 
shown in Table 1.1，the relative contribution of point and nonpoint sources of 
pollution in the entire Dongjiang Basin was estimated by Huang (1999). 
Although these figures are not the most update and may not be accurate due to the 
limited number of measurements, they did highlight that nonpoint source 
pollution had a significant role in contributing to water quality deterioration. 
Table 1.1 Proportion of pollution loading in the Dongjiang Basin in 1990. 
Point Source Pollution 
Discharge Nonpoint Source Pollution 
Industrial Domestic  
Chemical Oxygen Demand" 2.00% 23.00% 75.00% 
Biological Oxygen Demand 0.90% 28.00% 71.00% 
^spended Solids “ 0.03% 1.38% 98.59% 
Total Phosphorus 57.00% 43.00% “ 
Total Nitrogen 8.00% 92.00% 
Source: Huang 1999 
Non-point source pollution has attracted more and more attention recently because 
whilst the tightening pollution control has gradually reduced point sources， 
non-point pollution will become the major determinant of water quality in the 
medium to long term. Ho and Hui (2000b) argued that the impact of NFS 
pollution is more significant and the successfulness of improving water quality 
highly depends on diffuse pollution control. In fact, NFS pollutants can have a 
cumulative effect that persists for several years or decades (Gould 1990， 
Tsihrintzis et al. 1996). 
water supply. Grades III to V are regarded as polluted. 
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Point source wastewater discharge has been gradually controlled since the late 
1980s. The PRD and Hong Kong Special Administrative Region (HKSAR) 
governments have intensively implemented anti-pollution measures and pollution 
control legislation for reducing water pollution. For example, Hong Kong first 
implemented its Water Pollution Control Ordinance in 1986 and since then ten 
water control zones have been gazetted. Likewise, the Pearl River Delta Water 
Protection Regulations were enacted in 1998 to protect the water resources in the 
PRD. The Guangdong Provincial Government has implemented a number of 
measures including the Three Synchronization System, Environmental Impact 
Assessment System, Effluent Charging System, Guangdong Province 
Environmental Protection Enforcement and Supervision Methods, Regulating 
Documents Filing Methods, and the Guangdong Province Environmental 
Protection Inspection and Enforcement Methods (Guangdong EPB 1999). 
Although domestic sewage discharges have increased as a result of population 
growth, point source pollution discharges from industrial sources have been 
gradually reduced in recent years as a result of tightening environmental control 
(Table 1.2) (Guangdong EPB 1999). 
Table 1.2 Quantities of point source wastewater discharge in Guangdong. 
一 1990 1995 1996 1997 
Domestic Sewage (million tons) 1100 — 2124 一 2122 2935 
Mustrial effluent (million tons) 1402 1 6 9 ^ 1592 1263" 
Percent of industrial wastewater 77.08 80.21 85.30 
treatment (%) 
Rate of industrial wastewater 47.08 56.34 57.73 
meeting discharge standards (%) 
Total number of wastewater 3 336 10 347 10 391 15 259 
treatment facilities  
Source: Statistical Bureau of Guangdong 1991, 1996-98 
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Widespread uses of agrochemicals in recent years are considered one of the main 
nonpoint sources of water contamination. Smil and Yushi (1998) found that the 
market of chemical fertilizers in China increased by 40% from 1986 to 1989. It 
was estimated that more than 170,000 ton yeaf^ of the total inorganic nitrogen 
was discharged into the Pearl River through surface runoff and soil erosion 
(Citizens Party 1999; Ho and Hui 2000a，2000b). Although agriculture is often 
considered a primary source of NFS pollution, urban areas have also been 
recognized as a critical NFS pollution source (Hughes 1999). The contribution 
of NFS pollution originating from urban areas is accentuated by 
mega-urbanization processes. Stormwater, runoff from unsewered settlement, 
leakage from waste disposal sites etc. all contribute substantially to the pollution 
of ground water and surface water and therefore pose substantial risks to human 
health. 
1.2. Conceptual Framework and Study Objectives 
Establishing a sound regional development strategy should include water quality 
assessment (Roberts and Chan 1997). Water management should be viewed as 
largely dependent on landuse practice and management (Roberts and Chan 1997). 
Effect of landuse changes on NFS pollution has been clearly demonstrated in a 
number of studies (e.g. Aim 1990, Corwin 1997, Tonderski 1996, US EPA 
1994). Landuse conversion in the PRD has been rapid and if unmanaged, can 
result in severe deterioration of water quality. NPS pollution loading is one of 
the critical factors affecting water pollution. 
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The impact of landuse on water quality can be long-term and cumulative in nature. 
A sustainable development plan should hence be formulated and should include 
an evaluation of different development alternatives. The present study intends to 
answer the question: "what are the water quality impacts given the development 
trend that in a watershed and there is the conversion of landuse and land cover?" 
To answer this question, historical landuse and landcover changes are analyzed 
using satellite imagery interpretation. Such historical landuse and landcover 
changes help to project the development trend. The "what i f consequences of 
future landuse development can be constructed via designing landuse change 
scenarios. Then the impact of such historical and projected landuse and 
landcover changes on nonpoint source pollution loading can then be assessed. 
To assess the water quality implications of different development scenarios, one 
could rely on two approaches, namely water quality monitoring or modelling. 
However, monitoring is not an appropriate approach as it cannot assess how water 
quality will change in the future. Monitoring is for the past and present. 
Moreover, on-site monitoring can be difficult since NFS pollutants may be 
discharged into streams from thousands of dispersed points. Long-term on-site 
monitoring is costly and such monitoring data are hence often not available. 
Given these reasons, water quality modelling is an attractive alternative. Based 
on historical data, modeling is capable to assess the water quality impacts of 
present and future landuse and landcover changes. 
Landuse is an important parameter affecting water quality as land use activities 
have significant bearing on nonpoint source pollution loading. For example, 
8 
agricultural runoff typically carries substantial amount of nutrients. With limited 
landuse data available, remote sensing provides a cost-effective way of collecting 
model inputs. Satellite image interpretation is an important approach to monitor 
landuse changes. Moreover, Geographic Information System (GIS) technology 
can be merged with models to analyze the spatial implications of locational and 
aspatial characteristics of land development scenarios. These 
geoinformatics-based techniques allow critical nonpoint source pollution areas to 
be located more accurately and effectively in a large watershed. 
The above discussion highlights the importance of NPS pollution and how 
landuse changes may affect the generation and loadings of nonpoint pollutants in 
the PRD. However, very few studies on these vital environmental issues have 
been conducted in the region. This research aims to integrate geoinformation 
technologies with hydrologic and water quality models to develop a screening 
level GIS-based NPS simulation system to investigate the impacts of landuse 
alteration on NPS pollution and instream water quality in the Guanlan River Basin. 
Specifically, the study objectives are: 
1. to develop an integrated GIS-based spatial hydrologic and water quality 
simulation model for screening level watershed NPS pollution analysis; 
2. to apply satellite image interpretation technique to detect and evaluate landuse 
changes in the study basin over the past decade; and 
3. to assess NPS-induced water quality under the present condition and different 
development scenarios in the future and thus help landuse planning and 
formulation of water quality management strategies. 
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1.3. Scope of the Research and Study Area 
Given time and resource constraints of this study, it would not be possible to 
investigate NFS pollution problems of the entire PRD region of 25 000 W . 
Instead of studying the whole PRD and its tributary catchments, this study focuses 
on the Guanlan River Basin (GRB) to demonstrate the typical impacts of landuse 
practices on NFS pollution in the region. The GRB was chosen for a number of 
reasons. Firstly, remote sensing data and some water quality data are available 
for this basin. Secondly, land use changes that have taken place in the GRB are 
typical of landuse alteration in other parts of the PRD. Last but not the least, the 
GRB forms a part of the Dongjiang-Shenzhen Water Supply Scheme through 
Hong Kong obtains around 80% of its water supplies every year. Although the 
contribution of Guanlan river water to the Dongjiang-Shenzhen Water Supply 
Scheme is less than 1%, it is believed that what has happened in Guanlan is 
reminiscent of the greater Dongjiang River Basin. 
1.3.1. Location and Climate 
The Guanlan River Basin (Longitude 113�57，25，’ to 114�05，55” E，Latitude 
22°35'20" to 22°46'20" N) is located at the northeast part of Shenzhen SEZ 
(Figure 1.2). The GRB is administratively under the jurisdiction of Baoan 
County. Total population of the GRB was 36,000 and industrial production 
output was about 3.3 billion Renminbi Yuan in 1996 (Lian 1999). There are two 
old towns, i.e. Guanlan and Longhua, in the basin. The Guanlan River drains 
into the Shima River, which is a tributary of the Dongjiang, and is bounded by the 
10 
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Figure 1.2 Map of Guanlan River Basin 
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Diao Shen Mountain in the northwest, the Yang Tai Mountain and the Tang Lang 
Mountain in the south, and the Ji Gong Mountain in the southeast. The basin is a 
fan-shaped hilly valley with a catchment area of about 240 km^. 
The annual mean temperature and precipitation are 22.3°C and 1 933 mm, 
respectively. Dominated by a sub-tropical monsoon climate, the GRB has a 
rainy season from April to September that contributes over 85% of the annual 
precipitation. Frontal storm, typhoon and the associated flooding are the main 
climatic hazards in the basin. The Guanlan River flows from the Diao Shen 
Mountain and the Yang Tai Mountain northward towards the Shima River in 
Dongguan. Length of the main stream is 24.7 km and the stream width can 
reach 15 m in the wet season and normally drops to about 5 m in the dry season 
(Lian 1999). The river depth during the peak flow can be more than 4 m. 
About 4 million m^ of water is extracted annually from the low reach of the 
Guanlan River to Tangxia for transfer to Shenzhen SEZ and Hong Kong through 
the Dongjiang-Shenzhen Water Supply Scheme (Liu et al 1997). 
1.3.2. Geology 
The Guanlan River Basin is mainly underlain by granite and shale. Granite 
dominates in the upper part while shale dominates in the lower part of the basin. 
The close joints enhance mechanical and chemical weathering, producing a deep 
weathering mantle. Soils in the basin are primary lateritic red earth and paddy 
soil. Lateritic red earth dominates in the whole basin while paddy soil can only 
be found along the river (Figure 1.3). 
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According to the soil texture triangle, lateritic red earth and paddy soil are 
classified as sandy loam and silty loam, respectively. With the presence of 
hardpan in the soil due to the accumulation of lime being applied in agricultural 
practice, infiltration rate of paddy soil is low. 
_ 
Figure 1.3 Soil types in the Guanlan River Basin 
1.3.3. Landuse Characteristics and Status of Water Quality 
Since the introduction of the 1978 economic reform and the 1987 land reform，the 
landuse in the GRB has changed dramatically. The Guanlan River Basin was 
traditionally an agricultural region and the main landuse and land-cover were 
broadleaf woodland and paddy fields. Today, although woodland and 
agricultural land still make up a large proportion of the land, the proportion of 
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urban, industrial and transport land areas has been increased rapidly. Industries 
in the Guanlan Town and the Longhua Town are mainly small-scale bleaching, 
dyeing, pulp and paper, electronics, food-processing, and plastic industries. All 
of these industries are heavy polluting (Zeng et al 1992). Some structural 
diversification of the agricultural system has occurred, shifting from the 
traditional monoculture to poly-culture, i.e. from paddy cultivation to market 
gardening. Some lands have been abandoned lands hence exposing the soil to 
erosion. Soil erosion has hence increased by 21% from 1982 to 1995 and 
human-induced soil erosion made up to 92.3% of areal soil erosion (Liu et al 
1997). However, measures are now in place to restrict access to hills for 
woodland conservation ifeng shan yu lin), catchment protection and soil erosion 
prevention. 
Rapid landuse changes and improper land management have increased in 
pollution loading to the river in terms of both point and nonpoint source pollution. 
In a study conducted by the South China Environmental Science Institution, it was 
shown that 22% point source and 30% non-point source water pollution of the 
Shima River Basin came from the Guanlan River Basin (Zeng et al 1992). 
Despite the fact that the quality of river water is still marginally classified as 
Grade 2 of the State Water Quality Objective, it is feared that the water quality 
will deteriorate to unacceptable levels if no proper management plan is in place 
(Lian 1999). 
14 
1.4. Significance of Study 
In the last two decades, the PRD has received a tremendous amount of attention in 
terms of the effects of urbanization, industrialization, governance, point source 
water pollution and transboundary pollution (Hills and Liu 1998, Xu and Li 1996, 
Yeh and Wu 1995). There have been very few researches on the impact of land 
use changes on nonpoint source water pollution. This study intends to narrow 
this research gap. This study is significant in a number of ways as described 
below. 
First and foremost is the significance to Hong Kong, a territory with limited water 
resources, and thus heavily dependent on cross-basin water transfer from the 
Dongjiang Basin to meet Hong Kong's ever increasing water needs. The 
importance of the Dongjiang water to Hong Kong has been steadily increasing 
from 8.3% in 1960 to more than 80% in recent years. Given that the water from 
the Dongjiang-Shenzhen scheme is for drinking purpose, water quality is a matter 
of great concern. 
As the regional economy continues to grow rapidly and the landuse continues to 
experience transformation, a question to be answered is whether the quality of the 
Dongjiang water will be good enough to meet the competitive demands of water 
users for multiple objectives like water supply, aquaculture and tourism? The 
Dongjiang Basin covers a vast area with substantial regional disparities in 
economic growth. Landuse and land cover changes associated with rapid 
industrialization and urbanization have been adversely affecting the water quality. 
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Early planning based on prediction and assessment of hydrologic and water 
quality impact of landuse changes is undoubtedly a vital task for sustainable 
development in the century. 
1.5. Organization of Thesis 
This thesis is organized into seven chapters. Chapter One begins with a brief 
introduction on the background of the Pearl River Delta development and the 
status of water pollution, and describes objectives, scope and significance of the 
study. A review of the relevant literature on landuse changes, their impacts on 
water quality, and the potentials of using GIS as an environmental assessment and 
management tool are given in Chapter Two. This will be followed by an 
examination of the water quality implications in form of "what to do?" and “how 
to do?’，details in Chapter Three on the methodology. Chapter Four describes the 
interface of the embedded Arc View GIS-water quality models. Chapter Five 
outlines the landuse and land cover changes as deduced from satellite imageries. 
The impacts of such landuse changes on areal nonpoint source pollution loading 
and associated in-stream water quality are presented in Chapter Six. The last 
chapter integrates the findings from various preceding chapters, discusses the 




This chapter reviews the literature of studies on urbanization and landuse with 
particular emphasis on their impacts on nonpoint source pollution and stream 
water quality. 
2.1. Landuse Alteration 
2.1.1. Urbanization and Landuse Changes 
The century is described as an "urbanization" era in which more than half of 
the world population will live in urban areas by the year 2020 (Douglass 1998, 
Torrey 1998). Asia has been identified by the United Nation (UN) as one of the 
fastest urbanizing continents (Torrey 1998). The urbanization process in Asia is 
ftindamentally different from that of developed countries (Berry 1972, Xu et al. 
1988). Differences in history and socio-environmental conditions account for 
most of the differences in the nature and process of urbanization. In western 
countries, urbanization has entailed a massive migration of rural populations into 
cities which have evolved from initial population centers to mature cities and later 
to megalopolis (Gottmaim 1961)，and eventually gigalopolis (Clarke and Gaydos 
1998). Rapid urbanization in Asia during the late 20th century has exhibited a 
process distinctively different from that of the West (McGee 1989). A major 
difference is that urbanization in Asia has taken place predominantly in already 
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densely populated rural areas between big cities and is thus not propelled by 
massive rural-to-urban migration. Instead, the rapid urbanization in Asia is 
characterized by the economic transformation of heavily populated areas from a 
rural setting to non-agricultural landuses. Therefore, demographic indicators of 
urbanization based on rural-to-urban migration only, as commonly used in western 
states, are often not appropriate to the study of the recent Asian urbanization 
process. 
Yet, it might be argued that some fundamental trends underlay urbanization 
process in almost all places and at all times. Friedmann (1972) contended that 
center-periphery dichotomy characterized the urbanization process. The largest 
urban center formed the core while its hinterland formed periphery. As people, 
capital, technology, innovation and power were increasingly drawn to the core, a 
process of polarization took place. Increasing concentration of resources 
enabled the core to expand, often at the expense of the periphery. Followed by 
development of the center, the process of development might begin to trickle 
down allowing the periphery to develop at some point in time (Hirschman 1958， 
Myrdal 1957，Berry 1972, Friedmann 1972). However, polarization might be 
maintained resulting in an unimpeded expansion of the core and leaving the 
periphery as underdeveloped as ever (Amitt 1974, Frank 1968, Holland 1976). 
There is a tendency for landuse and land cover alteration associated with 
urbanization and industrialization. Although land surface is mainly impervious, 
urban areas are normally characterized by a mixture of commercial, industrial and 
residential landuse, as well as some limited open space. While the urban fringe 
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still retains its rural nature, resort houses and residence occupied by urbanites 
have already dispersed over farms. Manufacturing industries requiring larger 
land area and other industries not allowed in the city cores are often found in the 
fringe. In addition, land zoning leads to uneconomic leapfrogging but without 
which “."totally uncoordinated and piecemeal speculation and the 
juxtapositioning of incompatible land uses" would be resulted (Pryor 1968). 
After studying the farm fragmentation of Coventry's urban fringe, Barrington and 
Ilbery (1987) discovered the relationship between farming in the fringe and urban 
process such as speculation, increased job opportunities in city and increased 
market opportunities of piece of land which may be benefited for their locations. 
2.1.2. Detecting Landuse Changes in Urbanizing Region 
The use of remote sensing data has been documented in monitoring of land use 
changes since 1980s (see examples: Howarth 1986, Martin 1986, Fung and 
LeDrew 1987, Eastman and Fulk 1993, Adams et al 1995, Jensen et al 1993, 
1995). A common method for the change detection is to compare images 
acquired at two or more different dates using one of the two techniques, i.e. 
pixel-to-pixel comparison and post-classification comparison (Martin 1989). By 
pixel-to-pixel comparison of multi-date images without classifying the data, the 
first technique has two major variants - image differencing and image ratioing 
(Nelson 1983). Prior classification is not necessary for the comparison and 
errors from classification can therefore be avoided. Unfortunately, the results 
derived from pixel-to-pixel comparison cannot show land use conversion matrix. 
Although this technique is sensitive in determining whether a pixel has changed, it 
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cannot produce a conversion matrix of land use change. 
The second technique is often used to compare two or more separately classified 
images of different dates. The comparison with a necessary prior classification 
makes this technique advantageous in that the land use types for each pixel at 
different date can be identified. This post-classification comparison can be used 
to identify not only the amount and location of landuse change but also the nature 
of the change (Howanh and Wickware 1981). Fung and Zhang (1989) showed 
that the comparison was still subject to error originated from mis-classification of 
two or more independent classified images. Although the use of unsupervised 
classification for each data set is an ideal independent analysis, this technique 
cannot produce the highest classification accuracy and lead to the most detailed 
classification (Johnson and Howarth 1989). 
In order to overcome the weakness associated with pixel-to-pixel or 
post-classification comparison, a technique called masking detection has been 
developed (Pilon et al. 1988). This is a combination of pixel-to-pixel and 
post-classification comparison techniques aiming at minimizing classification 
errors as much as possible. The masking detection method reduces classification 
errors through exclusion of unchanged pixels from classification. Although the 
masking detection method can identify changes more accurately, it fails to 
exclude the mis-classification within the study area. Other types of change 
detection techniques have also been reported in the literature (Jensen 1996), one 
of which employs principle component analysis and has been often used in change 
detection (Fung and LeDrew 1987, Eastman and Fulk 1993). However, Jensen 
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(1996) found that difficulties were encountered in applying this technique to 
interpret and label each component image and to derive "from-to" change class 
information. Therefore, post-classification detection is still considered as one of 
the most appropriate and commonly used methods for change detection (Jensen et 
al 1993，Jensen 1996). 
2.2. Impact of Landuse Alteration on Water Quality 
The alteration of land use and land cover through urbanization and 
industrialization can cause changes in the physical, chemical, radiological, or 
biological properties of water resources. These changes may bring out nuisance 
and undesirable water pollution effects. Numerous studies have attempted to 
investigate the relationship between landuse alteration and water pollution. 
Evidence has shown that patterns of water quality may vary with terrestrial 
characteristics (Larsen et al. 1988) and the stream water quality can serve as a 
good indicator of cumulative impact of the entire watershed. Based on 
correspondence between landscape characteristics and water quality, Larsen et al 
(1988) studied the differences in water quality variables for various land forms 
and landuse types. It is well understood that landuse change, urbanization in 
particular, has significant impacts on hydrology, both in terms of water quality and 
quantity over a range of temporal and spatial scales. However, the nature and 
scale of these impacts are dependent both on the form and scale of landuse change 
as well as the climatic characteristics of the study region (Bhaduri et al 2000) 
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2.2.1. Point and Nonpoint Sources of Water Pollution 
In the past, all water pollution was of nonpoint nature. It became 'point' 
pollution when years ago the people in urban and industrial areas collected urban 
runoff and wastewater and brought it, at great expense, to one point for disposal 
(Gaffiiey 1988, cited in Novotny and Olem 1994). Water pollution in urban and 
urbanizing areas occurs from both point and nonpoint sources. According to 
USEPA (1984)，point source pollution occurs as easily identifiable point outlets, 
e.g., pipes, drains, drums, and tanks that enter waterways at discrete, identifiable 
locations and can usually be monitored. Major point sources include sewered 
municipal and industrial wastewater and effluents from solid waste disposal sites. 
Non-point source pollution, on the other hand, is usually difficult to identify and 
measure because NSP pollution originates from diffuse sources spreading over a 
large areal, such as street and parking lot wash-off, salt runoff from roads, 
sediment-laden runoff from construction sites, and wet and dry atmospheric 
deposition (Lane 1983，Browne 1990，Huber 1993). 
Pollution from diffuse sources occur mainly as a response to storm water runoff. 
In the United States, the Nationwide Urban Runoff Program indicated that 
stormwater runoff from urban areas was a critical nonpoint source of pollution 
(USEPA 1983). Urban stormwater runoff transports some of those pollutants 
commonly found in rural and agricultural runoff, such as sediment, oil, grease, 
nutrients, oxygen-demanding organic materials, bacteria, pesticides, as well as 
such toxic pollutants as heavy metals and volatile organic compounds (VOC) 
(Baimerman et al. 1993). These pollutants are usually the leading causes of 
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water quality impairment. NSP is usually regarded as “background pollution” 
from natural lands. However, the differences between point and nonpoint 
sources may be blurred depending on the scale of reference (Novotny and Olem 
1994). 
Historically, NSP pollution had received less attention than point source pollution 
as reflected in the lack of regulations governing nonpoint source pollution 
(Tsihrintzis et al. 1996，Gould 1990). Major attention was given to point source 
pollution control in the past because of the serious and more obvious impacts of 
point discharge pollutants. However, point source pollution is relatively easily 
identifiable and controlled even though it has a high concentration and sometimes 
contains toxic contaminants. In recent decades, NFS pollution has become the 
main factor affecting surface water quality as point source pollution has been 
effectively controlled especially in many industrialized countries. Meanwhile 
concern has been gradually shifted to NPS pollutants that are usually low in 
concentration, but ubiquitous in nature (Corwin et al. 1996，Corwin et al 1997). 
2.2.2. Nonpoint Source Pollution as a Worldwide Environmental Problem 
Although its threat varies in different parts of the world, NPS pollution has been 
identified as a problem of global importance because it affects all countries and is 
not limited within certain national or even continental boundaries (Duda 1993). 
Urban and agricultural lands have been recognized by the USEPA as major 
sources of NPS pollution nationwide (Browne 1990). Urban runoff from 
construction sites, developed urban lands, streets and parking lots normally 
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contain contaminants such as suspended solids, bacteria, heavy metals, oxygen 
demanding substances, nutrients, oil and grease. As a result of fertilizer and 
pesticide applications, major pollutants in agricultural runoff include pesticides, 
sediments, nutrients, organic materials and pathogens. 
As the world's population continues to grow, one of the nonparochial problems 
facing humans is how to develop and manage water resources in sustainable 
manner to meet the world's demand. Sustainable water resources management 
requires a delicate balance between consumption and utilization, environmental 
impacts，and economic development. It strives to control pollution loading to an 
optimal level while maintaining economic stability, minimizing utilization of 
finite natural resources, and minimizing impacts on environment. The 
conversion of pervious to impervious land surface in the process of urbanization 
and industrialization can result in the increase in total runoff and peak discharge， 
as well as all NFS pollutants such as sediments, nutrients, oxygen demand 
substance, coliforms and toxices (Choi and Blood 1999). 
2.2.3. Methods of Assessing Nonpoint Source Pollution 
Quantification of nonpoint source runoff is not an easy task because of its diffuse 
nature and variation with landuse, geology, geomoiphology, and management 
practices (Beaulac and Reckhow 1982). Moreover, nonpoint source runoff 
varies with urban landuses, percent of impervious area, density, alteration of 
hydrology, fertilizer application and management practices (Ventura and Kim 
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1993). Therefore, the assessment of NSP should be based on total catchment 
management approach providing a practical analytical framework for conducting 
a spatially explicit and process-oriented scientific assessment by linking 
watershed processes and biological system with land management scenarios (Reid 
1993). 
Field monitoring is a practical method for NPS pollution study. Research has 
shown that concentrations of constituents at a watershed outlet are usually higher 
at the beginning of a storm (Huber 1993). This so called "first flush" is 
particularly evident from impervious surfaces where solids can build up 
enormously during dry periods. On-site monitoring, however, is difficult 
because nonpoint source pollution can be discharged into streams at hundreds and 
thousands of discharge points. Long-term in-situ monitoring is expensive and 
sometimes even disruptive to other land uses, and requires technical expertise and 
long periods of time that is often not available (Hodge et al 1986). Modeling is 
an attractive alternative that can efficiently predict nonpoint source pollution 
deriving from existing or hypothetical landuse and land cover scenarios. 
Regression modeling approach and other more sophisticated mathematical 
simulation models have been often used to evaluate the relationship among 
landuse type, runoff, nonpoint source sediment and nutrient loads (Decoursey 
1985, USEPA 1983，1991, 1992). Empirical estimates are adopted in regression 
analysis to derive the relationship between areal extent of landuse and nonpoint 
source pollution loadings. More sophisticated mathematical simulation models 
with detailed mathematically expression of spatial-temporal physical and 
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biological processes of hydrological system are viable tools but they normally 
require system calibration and validation of simulation results. These models 
can evaluate NPS loadings and water quality under a variety of climatic 
conditions and landuse patterns. They can also be used to target critical source 
areas of NPS pollutants (Williams et al. 1985) and to assess water quality 
implications of alternative management strategies and future growth scenario 
(Young et al 1985, Young et al 1989). 
Examples of the watershed models include CSM (Tubbs and Haith 1981), ARM 
(Leonard and Knisel 1986)，CREAMS (Knisel 1980), ANSWERS (Beasley and 
Huggins 1982)，AGNPS (Young et al 1985, Young et al. 1989)，HSPF (Bicknell 
et al 1984), and SWAT (Arnold et al. 1998). Although minor variations in 
modelling capabilities do exist, outputs from these models are pretty much the 
same covering runoff, sediment yields, and nutrient transport (Young et al 1989). 
2.2.4. GIS-based Modeling of Nonpoint Source Pollution 
Over the last two decades, a major development in hydrologic modeling has been 
the integration of models in a GIS environment. These watershed models can be 
divided into event-based and continuous models. Based on the spatial 
description of watershed characteristics, models are parameterized either in a 
lumped manner or with regard to spatial distribution. To apply a 
distributed-parameter model, the study watershed is divided into grid cells which 
have homogenous properties (Goodchild et al 1993). This type of models can 
work best in conjunction with raster GIS. Watershed characteristics (e.g., soils 
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and landuse, etc.) and resulting model coefficients are defined for each grid cell. 
Simulation computations for each cell include inflow to the cell, transformation 
occurring within the cell, and export from the cell. Inflow and outflow for each 
cell are routed throughout the watershed according to topography. Advantages 
of coupling watershed models with GIS include the ease of data retrieval, 
information display, and integration of a large amount of data from various 
sources in different formats (Walsh 1988). 
Coupling GIS with hydrologic models varies from loose to tight coupling 
strategies (Fedra 1993，Liao and Tim 1994, Livingstone and Raper 1993， 
Maidment 1993, Nyerges 1993，Sui and Maggio 1999). A loose coupling 
involves data transfer from one system to another. GIS is used to preprocess 
data and to maps of input data or simulation results. The majority of 
applications have used this strategy because it requires little software modification. 
Tight coupling is a “model within" approach which integrates GIS and 
hydrological model into the same interface with a single common data manager. 
2.2.5. Application of Remote Sensing in Water Quality Study 
Concurrent with technological advances in the integration of water quality models 
with GIS in the last two decades, there has been an increasing application of 
remote sensing imagery interpretation techniques in the study of nonpoint source 
pollution. Many studies have shown that remote sensing can be used as an 
effective tool to obtain information of water quality dynamics over a large area. 
A semi-automatic data acquisition and handling system was developed by 
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Scarpace et al. (1979) for using multi-date Landsat images to assess the trophic 
status of inland lakes in Wisconsin. Imageries from Landsat satellite and aircraft 
remote sensing systems have been used in assessment of water quality parameters, 
such as temperature, chlorophyll-a, turbidity, and total suspended solids for inland 
water bodies, rivers, and coastal region (Harding et al 1995，Lillesand et al. 1983， 
Ritchie and Cooper 1991, Ruiz-Azuara 1995, Verdin 1985). Remote sensors can 
detect and quantify the differences in the electron magnetic properties of a water 
body caused by water pollution. However, the remote sensing technique does 
not have the capabilities to monitor many other water quality parameters such as 
Dissolved Oxygen (DO), Biochemical Oxygen demand (BOD), nitrogen, 
phosphorous and nutrients. 
2.3. Landuse Changes and Their Water Quality Impacts in the Pearl River Delta 
Rapid urbanization in the Pearl River Delta has resulted in a new and distinctive 
landscape. Intense mixture of agricultural and non-agricultural activities can be 
found in areas along transport corridors and between city cores. Patterns of 
extended metropolis, dispersed metropolis, interlocking metropolitan regions, 
pen-urban zones, living perimeters, metrozonal areas, and pen-urbanization can be 
found (Ginsburg 1990，McGee 1991). The underlying conditions of urban 
development and the impact of landuse changes on water quality are discussed as 
follows. 
28 
2.3.1. Economic Reform and Urbanization 
The 1978 open door reform marked the beginning of urbanization and 
industrialization in the Pearl River Delta. Before then, urban development in the 
PRD was much influenced by ideology, state control, and economic planning (Yeh 
and Wu 1995). These factors led to an urban spatial structure which was very 
different from that of Western cities. Mixed land uses and relatively 
indistinguishable social areas were the main features of socialist cities (French 
and Hamilton 1979). Land development was essentially organized by 
workplaces, which was a main factor resulting in the absence of social segregation. 
The project-specific development approach was made possible through the state 
control of investment and employment. Land developments administered 
through planned allocation by the government has evolved around industrial 
projects. Industrial and residential land uses are mixed because each enterprise 
has to build its own housing facilities adjacent to its work area. Industrial 
development has been encouraged to be located in the peripheral area of cities to 
minimize construction costs. Urban redevelopment is difficult because the 
government and enterprises need enormous financial resources to relocate 
residents living in the city centre. Enterprises tend to over-occupy land because 
of chronic shortage of serviced land (Tang 1994). 
The reform policy introduced in 1978 has aimed at reducing the dominance of 
central state planning and thus promoting a more market driven or oriented 
economy. The “open door policy" has helped open China to the world market 
and foreign investment. As the economic reform has weakened the mechanism 
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of resource allocation by the government, growth of foreign investment and 
proliferation of private business have eroded state's influence on investment and 
employment. The emergence of self-raised funds (SRF) has reduced the state 
role in budgetary control. Using investment in fixed assets of the whole society 
(IFAWS) is a good indicator in China's planning management system. The ratio 
of state budgetary funds to SRF changed from 1.94:1 in 1978 to 0.26:1 in 1985, 
and to 0.13:1 in 1991 (State Statistical Bureau 1992). 
Decentralization of investment has changed the urbanization in China. In the 
pre-reform era, production and development were organized almost exclusive by 
state-owned work units. Post-reform urban process has witnessed the rising role 
of local government in production organization (Wu 1995). Municipalities and 
development companies have begun to undertake the so-called "comprehensive 
development" which later evolved to market-oriented real estate development. 
During of this change process, there has been a shift in urban areas from 
development-based on industrial production units to property-led development. 
As a major turning point of urban development in the PRD, land reform in 1987 
set up a land-leasing system which allows municipalities to lease state-owned land 
to developers. Since then, urban development has undergone substantial 
transformation from industry-driven to property-led development. Land-use 
rights can be sold, assigned or transferred. The system, literally called the 
“paid transfer of land-use rights" {tudi wuchang zhuanrang), was made official by 
an amendment to the Constitution of the People's Republic of China in 1988. 
The clause "the right to use of land may be transferred in accordance with law" 
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was added to Article 10 in Section 4 of the Constitution to replace the origin 
policy stated as “no organization or individual may seize, buy, sell land or make 
any other unlawful transfer of land". The lawful leasing and transactions of 
urban land have created new sources for the local revenue. The provision of 
cheap urban land has also become an incentive to attract foreign investors (Zhu 
1994). More importantly, the newly established land market has led to the 
restructuring of the spatial structure of Chinese cities (Dowall 1993) as evidenced 
in Shenzhen and Guangzhou. 
2.3.2. Urban Redevelopment 
In the pre-land reform era, industrial development was a major land-development 
type. Development was controlled and allocated through a centrally planned 
mechanism which highly emphasized the principles of socialist industrial location. 
Industries were encouraged to be located in the inner urban fringe and at sites near 
to major roads to access existing community facilities and minimize transport 
costs. Because it is generally believed that investment in infrastructure is less 
lucrative, the government has a policy to maximize industrial output through 
suppressing urbanization costs. Therefore, infrastructure has become a 
bottleneck in the land development process. Industrial projects have often been 
confronted with the lack of additional funds for building the needed facilities and 
providing services. 
Before the land reform, a so-called project-specific development (Yeh and Wu 
1995) required that industrial project development had its own responsibility to 
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develop relevant community facilities and infrastructure. The absence of land 
prices and on-site compensation to the local residents have led to enormous 
difficulties in redeveloping urban central districts. Redevelopment was virtually 
impossible under such a structure of land-development organization. Thus, 
industrial projects preferred rural land for which the state has the right for 
compulsory land acquisition from farmers. This structure of organization 
severely reduced choices in industrial location. Except for large state projects, 
most development sites had to be placed very close to an urban built-up area. As 
a result, many built-up areas have been continuously expanded at slow speed. 
The pattern of land development has changed significantly since the land reform. 
Market forces have begun to play an important role in urban development. With 
the emergence of land values and land markets, landuse changes have been 
accelerated and urban redevelopment has been made possible by a fluctuating 
property market. Old city areas built up through previous spontaneous 
residential development have been gradually replaced by new commercial 
establishments and there are signs this trend will continue. New large-scale 
residential communit ies built through comprehensive and real estate development 
have greatly improved the living environment in city ccntcrs. In the past, d o s e 
relationship between industrial and residential development had led to chaotic and 
mixed land uses. A new form of land development has begun to differentiate 
land uses, such as residential dilTcrentialion under formation in some citics. 
Policies for establishing new developmenl zone and Economic Technological 
Development Zones have served as new impetus for changing the urban spatial 
structure. As a result, polycenlric urban development has emerged in China and 
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it does not necessarily degrade the central city. Instead, this new development 
trend is expected to cause a break away from the previous form of continuous 
extension of built-up areas and to promote development in a city center and 
several sub-centers (Wu 1998). 
Since the land reform in 1987, land-use changes have become more and more 
responsive to market forces. Landuse have been restructured according to land 
value and the land user's ability to pay rent. Population potentiality, which in the 
past represented a cost of relocating residents, has become an indicator of market 
accessibility and is thus an incentive to land development. Land development has 
responded positively to policy of setting up new suburban centres and economic 
development zones. 
2.3.3. Rural Industrialization 
In addition to redevelopment of city centers, urbanization has been extended to 
agricultural land. A dispersal pattern resulting from rural industrialization has 
been a common phenomenon in the Pearl River Delta. The introduction of the 
so-called “fiscal responsibility" (caizheng baogan) system after the economic 
reform has had a great impact on economy and spatial organization in the PRD. 
This policy requires local government to pay a certain lump-sum of its financial 
income to the central state and the remaining amount can be used by local 
government for other purposes (Cheung 1994)，introducing much more local 
autonomy in development decision-making by local government. As a result, 
many township-village enterprises (xiangzhen qiye) (TVE) flourished in rural 
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areas (Byrd and Lin 1990, Chang and Wang 1994, Nee and Su 1990). In 1993， 
TVEs produced 30% of the total industrial output in China. These rural 
industries have transformed the rural landscape leading in the rural urbanization 
of the PRD (Chang and Kwok 1990). Small towns are especially important in 
industrialization and transformation of the rural landscape (Johnson 1992, Xu and 
Li 1991). Much of the development has been located next to villages where the 
local villagers live (Lin 1996, Ma and Lin 1993). Rapid land development has 
resulted in agricultural land loss. According to government statistics, the area of 
arable land decreased from 1044 700 hectares in 1980 to 898 200 hectares in 1991 
(Guangdong statistical YearBook 1980-1991)，a decrease of 14% within 10 years. 
2.3.4. Water Pollution 
Over the last two decades, rapid economic development in the PRD has produced 
both revenue and access to technologies for more effective environmental control 
but has created at the same time problems of a nature and extent not yet 
experienced (Neller and Lam 1998). Landuse changes affected water quality 
through discharges from both point and nonpoint sources. In fact，water quality 
of the Dongjiang, particularly in its lower reaches, has been seriously polluted 
hence posing health risks to the population. 
Clearly, industrial and domestic wastewater discharges from cities like 
Guangzhou, Dongguan, Foshan and township enterprises are major sources of 
water pollution. The total wastewater discharge almost had doubled between 
1980 and 1997 (Citizens Party 1999, Ho et al. 1998, Hui 2000a, Ho and Hui 
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2000b). The PRD and Hong Kong Special Administrative Region (HKSAR) 
governments have made enormous efforts to formulate and implement 
anti-pollution measures and pollution control legislation in lowering water 
pollution has been developed as described in Chapter One. 
Another major water pollution issue is was agricultural runoff. Despite rapid 
industrial and urban growth, agriculture has remained an important part of the 
regional economy. Agricultural runoff contains toxic as chemicals of fertilizers 
and pesticides. In the 1980s, China allowed farmers to market their surplus 
crops that, in turn, encouraged the widespread use of green revolution 
technologies. Citizens Party (1999) estimated that only 30% of the fertilizers 
applied have been used effectively and roughly 70% of agrochemicals are lost 
through soil erosion and rainwater runoff. As Asia's second largest user of 
pesticides, China produced 230,000 tons of active ingredients for pesticides in 
1996 and the pesticide applications have been doubled over the past decade 
(World Bank 1997). Pesticide residues are likely to be common contaminants of 
agricultural runoff. Unfortunately, the harmful effects of widespread use of 
agricultural chemicals have been compounded when farmers employ polluted 






To fully explore the impacts of landuse changes on water quality, it is important to 
estimate the impacts induced by storms of different magnitude (McClintock et al. 
1995) using a modeling approach. The results in terms of the quantification of 
nonpoint source pollution will enable land managers and town planners to identify 
problematic areas. The main tasks of this study are to identify and characterize 
landuse changes in the GLB and to evaluate their impacts of such changes on the 
NPS pollution loading using a screening level modeling approach. This chapter 
described the methods used to develop such an approach. 
In Chapter Two, I have already reviewed the commonly used water quality 
modeling approaches and highlighted that these approaches are not applicable to a 
watershed such as the Dongjiang Basin because these approaches are 
"data-hungry" and the required water quality monitoring data are not readily 
available. Therefore, a screening level modeling approach was adopted in this 
study. As it will be elaborated in this thesis, the screening level model developed 
is simple, less data hungry and fit for the purpose. It employs simple calculation 
techniques to generate measures of the potential hydrological impacts of landuse 
changes. The main purpose of this screening approach is to assess on a 
watershed-wide basis the likely environmental outcome if the present trend of 
development continues, and to highlight the main water quality problems 
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anticipated and possible planning and treatment solutions. Thus, this screening 
modeling approach is different from other refined models in that screening level 
assessment does not require calibration and validation of the models. 
The model comprises two modules. The first one uses the Curve Number 
method and Event Mean Concentration method to compute areal nonpoint source 
pollution loading. The second one employs the Water Quality Analysis 
Simulation Program (WASP5) to model instream water quality. Input 
parameters for these modules were either computed or adopted from the study 
previously conducted by Zeng et al. (1992) in the GLB. Other information 
required was partly provided by satellite imageries and official statistics published 
by local authorities. Watershed boundary was delineated using the raster 
capability of GIS. Remote sensing techniques were employed to determine the 
historical changes of land use and land cover. Other inputs such as soil 
characteristics, precipitation data, and hydraulic parameters of the Guanlan River 
were extracted from Zeng et al. (1992). Since it was an event-based approach, 
this study did not consider the seasonal variation of water quality. 
To assess the potential water changes as a result of landuse modification, three 
water quality parameters, i.e. total nitrogen (TN), total phosphorus (TP), and 
biochemical oxygen demand (BOD) were selected. These parameters were 
selected not only because of their significance but also because of their 
availability for modeling input. In addition, these parameters are well 
documented and are adopted as the water quality indicators of the 
Dongjiang-Shenzhen Water Supply Scheme project. 
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In order to assess the nonpoint source pollution arising from future landuse and 
land cover changes, a scenario analysis approach was adopted. Three scenarios, 
namely the short-term, medium-term, and long-term landuse changes, were 
created for the assessment study. The water quality impacts of these scenarios 
were then simulated. 
In the system developed, the Arc View GIS system was used. To fully utilize the 
capability of this GIS system, the water quality models were embedded within the 
Arc View GIS using “Avenue，，，an object-oriented programming language. This 
"modeling-within" approach was employed to integrate the GIS with models so 
that the two are no longer independent modules. 
3.2. Computation of Areal Nonpoint Source Pollution Loading 
In any investigation of NPS, runoff is a key factor. Nonpoint source pollutants 
are generated and carried by runoff. Runoff was calculated in the system 
developed using the Soil Conservation Service Curve Number (CN) method. 
The output is coupled with the Event Mean Concentration (EMC) method to 
predict nonpoint source pollution loading. 
3.2.1. Assumptions 
The CN and EMC methods used in this study are based on a number of 
assumptions in the context of which modeling results should be interpreted. 
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Firstly, it was assumed that the concentration of NFS pollutants generated by 
rainfall events of different magnitudes identical. This merits mentioning because 
areal NFS pollution loading is determined by the product of EMC and the runoff 
volume. In this study, runoff volume generated by heavy, moderate, and light 
storm conditions were modelled. However, there is no readily available data on 
the relationship between rainfall intensity and EMC for the study basin and it has 
not been possible, given the time and resource constraints, for this study to derive 
such a relationship. Therefore, only one set of EMC data was used for all three 
storm conditions. Whilst this may be a simplified assumption, this is the best 
estimate available given the circumstances and a similar approach has been 
adopted some other studies adopting a screening level of analysis (USEPA 1984). 
Secondly, it is assumed that storm water flows follow the natural topography to 
reach nearby receiving waters. However, in reality, runoff can be captured at an 
inlet and can be discharged through a storm drain. Storm sewers can modify the 
location where discharge and water quality impacts occur, but the total loading in 
a stream remains the same if all drains discharge to the same watershed. A 
major problem in modeling occurs where sewers collect runoff from one 
watershed and discharge it to another. As no detailed storm sewers system plan 
for the study basin is available, the impacts of artificial drainage system on runoff 
discharge could not be considered in this study. 
3.2.2. Soil Conservation Service (SCS) Curve Number Method 
The SCS Curve Number method is an empirical set of relationships between 
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rainfall, landuse characteristics, and runoff depth. CN values, ranging from 25 to 
100，represent land-surface conditions and are a function of landuse, hydrologic 
soil group (or soil permeability), and antecedent moisture conditions (AMCs). 
The basic equations used in the CN method for standard or average conditions are 
based on a simple water balance equation (Novotny and Olem 1994). Direct 
runoff (Q) is computed in terms of rainfall (P) and potential maximum retention 
(S) as: 
(P-Q2Sf 
(P + 0.8^) Q = 0whenP<0.25 ' (3.1) 
The potential maximum retention is related to CN as: 
一 254 (3.2) 
CN 
In this study g , P, and S are expressed in millimeters. 
The CN is a parameter developed for hydrologic soil groups ranging from 
permeable to non-permeable, and subsequently adjusted for land-use. To 
compare the impact of landuse changes on NPS pollution loading, a weighting 
technique was used to obtain a single CN value by: 
y CN A 
Weighted CN = ^ ^ (3.3) 
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Where CNi is curve number of landuse-soil i and Ai is the area of 
landuse-soil i in a particular sub-watershed. 
The hydrologic soil group is an indicator of infiltration capacity given certain 
physical soil characteristics. Significant infiltration occurs in sandy soils while 
minimum infiltration occurs on heavy clay or rock formations. There are four 
hydrologic soil groups: A, B，C and D (Table 3.1). Standard SCS CN is assigned 
for each possible landuse-soil group combination. Since input parameters in the 
SCS method are defined in terms of landuse and soil type and landuse changes 
over time, this technique allows the use of historical landuse data to interpret the 
effects of landuse changes on runoff. 
Table 3.1 Definitions of Hydrological Soil Groups. 
Soil Group Soil Group Characteristics  
A Soil having infiltration rates, even when thoroughly wetted and 
consisting chiefly of deep, well to excessively drained sands or gravels. 
These soils have a high rate of water transmission.  
B Soils having moderate infiltration rates when thoroughly wetted and 
consisting chiefly of moderately deep to deep, moderately fine to 
moderately coarse textures. These soils have a moderate of water 
transmission.  
C Soils having slow infiltration rates when thoroughly wetted and 
consisting chiefly of soils with a layer that impedes downward 
movement of water, or soils with moderately fine to fine texture. 
These soils have a slow rate of water transmission.  
D Soils having very slow infiltration rates when thoroughly wetted and 
consisting chiefly of clay soils with a high swelling potential, soils with 
a permanent high water table, soils with a claypan or clay layers at or 
near the surface, and shallow soils over nearly impervious materials.  
I These soils have a very slow rate of water transmission.  
Source: SCS 1986 
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Antecedent rainfall and associated soil moisture conditions also affect the amount 
of runoff that can be generated from a particular rainfall event. To account for 
this, antecedent moisture condition (AMC) was introduced to the model. AMC 
is defined as step function of five-day antecedent rainfall and an AMC remains 
constant for a specific range of antecedent rainfall values. There are three AMCs, 
i.e. AMC I，AMC II and AMC III，which represent dry, normal and wet soil 
moisture conditions, respectively. CN values for different AMCs are determined 
by the following relationships as described in National Engineering Handbook — 
Section 4 (USDA-SCS 1985): 
10-0.058C7V2 (3.4a) 
23CN 
二 _ _ _ (3.4b) 
10 + 0.13CA^2 
Where CM, CN! and CN^ represents CA^  value for AMC I, H, and m 
respectively. 
3.2.3. Generation of Nonpoint Source Pollutants 
Nonpoint source pollutants can exhibit large variations throughout a 
rainfall-runoff event. Urban runoff washes nonpoint source pollutants from land 
surface to water bodies during and immediately after rainfall events. Accurate 
calculation and prediction of NPS pollution loadings would require a lot of 
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monitoring work. The simplest and most common formulation in screening level 
water quality models is to multiple event mean concentration with runoff amount 
for estimating pollutant loadings. 
The event mean concentration (EMC) of a pollutant or water quality constituent in 
the runoff is commonly used to generate the pollution concentration. EMC is 
flow weighted average concentration of a pollutant over the entire storm. To 
calculate EMC, measurement of a constituent of interest ( Q is taken at equal time 
(3.5) 
intervals (/) during the storm. Each value of Ci is multiplied by the flow at the 
time when its measurement was taken {Qi) and the products are summed together. 
This summation is then divided by the total runoff volume for the event which can 
be expressed as: 
霞 二 
Based on field monitoring data, Zeng et al. (1992) computed the EMCs for the 
GRB and these values (Table 3.2) were adopted as pollutant values in this study. 
Since the monitoring work was conducted in March 1991, after a long dry period 
in winter, the data would probably represent the worst case as pollutants had 
already accumulated over the long dry season and the rainfall in spring might 
have washed off the pollutants in a short period of time. 
43 
Table 3.2 Event Mean Concentration (mg/1) in the Guanlan River Basin. 
Landuse B O D 5 Total Nitrogen Total Phosphorus 
Farm land 5.55 一 2.25 — 0.08 
Construction site j J J  
Woodland and grassland 1.50 0.86 0.05 
Water body _ 1.70 — 2.00 0.01 — 
Urban area 11.30 2.09 — 0.05 
Source: Zeng et al. 1992 
3.2.4. Model Operation 
The entire model is embedded in Arc View GIS for easy manipulation of spatial 
data and model simulation. The model runs on a cell-by-cell basis with input 
data in either a grid or text file format. In this study, the existing and future 
landuse, soil and drainage boundary were rasterized at a resolution of 30m cell 
size. This cell size was selected based on the pixel size generated from satellite 
image to minimize possible errors arisen from incompatible cell sizes. 
Precipitation and CN curve table were prepared in text format and imported into 
the model. 
After each cell was characterized using the landuse, soil data, CN values were 
determined and then used along with the rainfall data to compute mean runoff 
Specifically, the model determines the landuse and hydrologic soil group for each 
cell and then selects the appropriate runoff coefficient from an approximate curve 
number for creating a Curve Number map. This Curve Number map is then 
combined with rainfall data to create a runoff map. 
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Based on the landuse, an EMC was selected for each cell and then multiplied with 
the estimated runoff to calculate the NPS pollutant loading as shown in Equation 
3.6. The operation processes is schematically shown in Figure 3.1. Simulation 
of areal nonpoint source pollution loading showed the spatial variability of NPS 
pollution for each cell over the watershed. 
NPSM = R xEMC (3.6) 
Where NPSM is NPS pollution loading, R is runoff，and EMC is 
Event Mean Concentration. 
Landuse Hydrologic Soil Group 
I I 
i Assign Curve Number 
/ y / / / / 
/ / / / / / Curve Number Map 
/ � , / , /, R u n o f f Map 
• Pollutant 
• Generation 
/ / / / / / 
/ / / / / - / NPS Pollutant Map 
Figure 3.1 System operation of NPS pollution modeling 
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3.3. Instream Water Quality Modeling 
In this study, Water Quality Analysis Simulation Program (WASPS) was 
employed to simulate instream water quality dynamics. Arc View GIS was 
linked with WASP5 programmed by Avenue and the computer programs written 
in Fortran. The input data of WASPS were generated in text format in Arc View 
and these text files were formatted using a Fortran program to become WASPS's 
space sensitive input file. After WASP5 was executed, the model's output file 
was post-processed by another Fortran program to read the necessary results. 
The results were printed to a new text file in the form of an array which was 
imported back into Arc View using Avenue. After importation of the files, the 
output could be viewed in the form of tables, charts, and newly created GIS 
coverages. Schematic flow of model operation is shown in Figure 3.2. 
3.3.1. Description ofWASP5 
WASPS is a generalized framework for modeling contaminant fate and transport 
in surface waters. The equations solved by WASP5 are based on the basic 
principle of mass conservation. This principle requires that mass of each water 
quality constituent must be accounted for in one way or another. WASP5 has 
two water quality simulation modules. T0XI5 combines kinetic structure with 
WASP5 transport structure and simple sediment balance algorithms to predict 
dissolved and sorbed chemical concentrations in the bed and overlying waters. 
EUTR05 combines kinetic structure with WASP5 transport structure to predict 
dissolved oxygen and phytoplankton dynamics affected by nutrients and organic 
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substances. Given the water quality constituents simulated in the project, only 
EUTR05 was used for instream water quality modeling. 
To run WASPS, the user must supply the model with input data for defining the 
following seven important characteristics: (1) simulation and output control; (2) 
model segmentation; (3) advective and disperse transport; (4) boundary 
concentrations; (5) point and diffuse source waste loads; (6) kinetic parameters, 
constants, and time functions; and (7) initial concentrations. These input data, 
together with the general WASPS mass balance equations and the specific 
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3.3.2. Hydraulic Parameters 
The use of WASPS requires the input of certain hydraulic parameters. To obtain 
the parametric values, the Guanlan River Basin was divided into 20 sub-basins 
based on topography and drainage characteristics. Each sub-basin contained a 
relatively homogeneous stream segment. Each segment was considered as a 
well-mixed water tank. Concentrations of water quality constituents were 
computed within each of the water tanks. Transport rates of water quality 
constituents were calculated across the interface of adjoining segments. 
Upon completion of segmentation, hydraulic characteristics of each stream 
segment were assigned, including channel depth, cross sectional area, channel 
width, flow velocity, and discharge. These data were obtained from the study 
conducted by Zeng et al. (1992) from July 1991 to May 1992, during which dry, 
wet and normal flow condition were covered. 
3.3.3. Model Constants 
Two constants i.e. reaeration rate and deoxygenation rate must be given for 
EUTR05 simulation. The following three methods can be used to determine the 
reaeration rate: 
(a) a single reaeration constant can be specified with an internal temperature 
coefficient of 1.028; 
(b) spatially varying reaeration constants can be input and varied through time; 
and 
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(c) EUTR05 calculates a reaeration rate from water velocity, depth, wind 
velocity (default 0.6 m/sec), water temperature, and air temperature (default 
150c). 
In this study, the reaeration rate was determined using option (c). 
Deoxygenation coefficient varies with the chemical properties of concerned 
pollutants and typical values are 0.23 for sewage effluent and 0.05 for chemical 
resistant humic substances. 
3.4. Description of Model Input Data 
Spatial and attribute data pertaining to soils, landuse, drainage network and 
rainfall are needed to run the hydrologic and water quality models described in the 
previous sections. These data were obtained from a variety of sources in this 
study and details are presented below. 
3.4.1. Watershed Delineation 
In NPS pollution modeling, physical properties of the study basin such as area, 
elevation and stream network must be first characterized. A standard 
methodology for delineating streams and watersheds from a raster digital 
elevation model (DEM) was based on the eight-pour point algorithm (Jenson and 
Domingue 1988, Jensen 1991). This algorithm identifies a grid cell out of the 
eight surrounding cells, towards which water would flow as it is driven by gravity. 
This methodology consists of the following five steps: 
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(a) to fill the sinks of DEM, i.e. increase the elevation of those points that are 
fictions pits; 
(b) to determine flow direction, i.e. identify the cell towards which water will 
flow; 
(c) to identify stream cells, i.e. mark down those cells with a flow accumulation 
value greater than a certain user-defined threshold value; 
(d) to label links, i.e. assign a label to each reach of the stream network; and 
(e) to delineate the watershed for each sink, i.e. determine the drainage area 
associated with each link. 
The methodology has been enhanced by adding a prior process which consists of 
"buming-in" digitized streams (Olivera 1996). This process consists of raising 
the elevation of all the cells but those that coincide with the digitized streams. 
By doing so，water is forced to remain in streams once it gets there. Specifically, 
the process includes three steps: 
(a) converting a line theme of the digitized river into a grid with a value of 1 in the 
stream cells and no-data elsewhere; 
(b) adding a constant value to the DEM; and 
(c) merging the two grids together, keeping the stream grid on top of the modified 
elevation grids, to obtain a burned DEM. 
Once the filled hydrologic digital elevation model has been created, it is then 
processed to determine the direction of water flow. Sub-basin was further 
defined based on the links of river network. A total of 20 sub-basins were 
delineated (Figure 3.3). 
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DEM model of the Guanlan River Basin was built based on the digitized 
topographic contour line. After the delineation of stream segments, their 
corresponding drainage areas have also been delineated, a vectorization process 
was performed using raster-to-vector conversion functions included in Arc View 
Spatial Analyst 1.1. This process consisted of creating a line data set of streams 
and a polygon data set of sub-basins. 
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Figure 3.3 Delineated watershed and sub-watersheds of the Guanlan River Basin. 
3.4.2. Soil Data 
Soil data for the Guanlan River Basin are available in the form of maps of 
1:200,000 scale published by Huang (1983). As noted in Chapter One, soils in 
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this study basin are granitic lateritic red earth and shale derived paddy soil with a 
sandy-loam and silt-loamy texture, respectively. To determine the Curve 
Number for cell of land, the soil must be classified into a hydrologic soil group, 
which is group A for lateritic red earth and C for paddy soil in the GRB (Figure 
3.4). In this study, the soil data were digitized using Arclnfo Digitizing 
capability, to enable the GIS-nonpoint source pollution loading system to perform 
all subsequent modeling tasks automatically. 
II ii m i ^ M 
I 窗” § ^ 丨 丨 Hydrologic soil group A 
• ^ lllllll Hydrologic soil group C 
Scale 1:200,000 
Figure 3.4 Hydrologic Soil Group in the Guanlan River Basin. 
3.4.3. Rainfall Data 
Rainfall data in this study were used to determine runoff and NPS pollution 
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loadings. Since there is no weather station in the Guanlan River Basin, 
thirty-year daily rainfall data were obtained from the nearby Shenzhen weather 
station. Thirty-year daily rainfall data were ranked according to the storm 
intensities from the lightest to the heaviest storm. Three rainfall events of 
different storm intensities with certain exceedence probabilities were determined 
from the historical data and used as model input data: 
(a) Large-sized rainfall event (Lio), i.e. 111.6mm, representing the rainfall 
amounts at which only 10% of storm events are greater. 
(b) Medium-sized rainfall event ( L 5 0 ) , i.e. 33mm, representing the rainfall 
amounts at which 50% of storm events are greater. 
(c) Small-sized rainfall event ( L 9 0 ) , i.e. 10.9mm, representing the rainfall amounts 
at which 90% of storm events are greater. 
Since surface runoff is also affected by the antecedent moisture conditions in the 
CN model, each scenario of the storm intensity events was integrated with all 
AMCs 1, 2 and 3 in runoff calculation. 
In order to utilize the rainfall data for estimating nonpoint source pollution 
loading in the Arc View environment, rainfall data were stored in text files and 
imported to the GIS system. NPS pollution loadings are then automatically 
calculated by the GIS using the rainfall data, CN values and EMC. Although 
seasonal variations in pollution loading was not considered in this study because 
of the lack of seasonal EMC data, the water quality modeled under Lio and L90 
conditions can to some extent represent the wet summer and dry winter 
respectively. 
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3.4.4. Detection of Landuse Changes 
The main objective of this study is to investigate how landuse changes may affect 
NPS pollution loading and therefore influence instream water quality. 
Landuse and land cover (LULC) patterns of the study area were determined by 
interpreting digital imageries. Two sets of Landsat Thematic Mapper (TM) 
satellite images acquired respectively on 3 Oct 1998 and 25 Jan 1994, and a 
multispectral SPOT image acquired on 21 Dec 1991 were utilized. Properties of 
these satellite imageries are given in Table 3.3. 
Table 3.3 Properties of satellite imageries used. 
Landsat TM images SPOT image  
Resolution 3 0 m x 3 0 m 20 m x 20 m 
blue (0.45-0.52 |Lim) green (0.50-0.59 jum) 
green (0.52-0.60 |im) red (0.61-0.68 |Lim) 
red (0.63-0.69 jj,m) near infrared (0.79-0.89 |Lim) 
Spectral Bands near infrared (0.76-0.90 |im) 
mid-infrared (1.55-1.75 |Lim) 
thermal infrared (10.4-12.5 |Lim)  
|mid-infrared (2.08-2.35 |Lim)  
These images were chosen because of a three-year interval is normally needed to 
detect the landuse changes over a rapidly transforming region and they were the 
only imageries available. Since the images cover the whole Pearl River Delta, 
sub-images of the study area were extracted from the master scenes. All image 
processing tasks were performed using PCI. 
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3.4.4.1. Image Preprocessing 
Raw data were preprocessed before classification. Preprocessing included 
atmospheric correction, radiometric correction and geometric correction. 
(a) Atmospheric Correction 
Unsystematic distortion was caused by atmospheric scattering and absorption. 
Scattering can increase reflection whilst its influence on different spectral bands is 
different. Histogram adjustment was used to minimize such effect. Firstly, 
histogram of the pixel values of each band was evaluated to find out the minimum 
value (bias). Secondly, the histograms were shifted to the left by subtracting the 
minimum value. 
(b) Radiometric Correction 
Radiometric error in satellite image may be introduced by the sensor system itself 
when individual detectors do not function properly or are improperly calibrated. 
In order to minimize the radiometric errors, the Lands at TM imageries were 
calibrated by the equation below: 
U = LMINA + 广入-LMIN (3.7) 
QCALMAX 
Where 
QCAL = calibrated and quantized scaled radiance in units of 
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DN, digital numbers 
LMINX = Spectral radiance at QCAL = 0 
LMAJa: Spectral radiance at QCAL = QCALMAX 
LX = Spectral radiance 
LMINX and LMAXA values were checked from the tables listed in Landsat MSS 
and TM Post-Calibration Dynamic Ranges, Exoatmospheric Reflectance and 
At-satellite Temperatures (Markham and Barker 1986). 
For each sensor band of SPOT image, electronic gain (oc/](m)) relates digital 
count value to radiance with relationship expressed in equation 3.8. It has eight 
possible settings representing powers of the factor 1.3 as in equation 3.9. 
Calibration coefficients (a/) were listed in Table 3.4 for the respective nominal 
values of gain m�(Price 1987). 
DNi=a[\m)Ru (3.8) 
aXgcdn = m) = a,(m�)1.3(^°-"^) (3 9) 
Where all p/ values are 0. 
Table 3.4 Spectral parameters and calibration coefficients for SPOT (P=0).  
Center I Bandwidth I Equivalent I Nominal H R V i H R V 2 ^ 
wavelength Solar Gain a a  
Radiance Mo  
51 “ 0.54 — 0.107 —587.0 — 5 1.08 1.06 
52 0.65 ~ 0 . 0 7 7 ^02.0 6 1.14 1.01 
53 “ 0.84 0.102 —331.0 一 5 1.06 ~ L ^ ~ 
P 0.62 0.211 521.0 5 0.97 0.97  
Source: Price 1987 
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(c) Geometric Correction 
Since the images were not in the same coordinate system, georeferencing should 
be made to enable multi-temporal change analysis. Image-to-image order 
nearest neighbor method was used for resampling. Such registration involved a 
regression analysis of the relation between a master image and uncorrected images. 
Over 20 Ground Control Points (GCPs) or points of common among images for 
each image were selected to develop regression models. Root mean square 
errors for all images were less than 1 pixel. After the geometric relationship was 
established, reflectance values from the original image were interpolated to the 
registered image. 
3.4.4.2. Classification and Post-classification Analysis 
A Maximum Likelihood Supervised Classification was performed on the 
sub-scene of the study area images. Supervised Classification can be defined 
informally as a process of using samples of known identity to classify pixel of 
unknown identity. The supervised classification was used because informational 
classes were under control and it was especially important when one classification 
was to be compared with another classification of the same region at a different 
date. Classification scheme plays an important role in supervised classification 
that determines what LULC types to be determined. In this study, the following 
six LULC categories were constructed: water-body, built-up area, barren land and 
construction sites, agricultural field, grassland, and woodland. 
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Built-up area and barren construction sites are two classes representing the 
location and magnitude of urban expansion. Built-up area is defined as land 
occupied by buildings at cities and towns, settlements and detached dwellings in 
such fields as farmhouses and infrastructures like roads and bridges. Since 
residential and industrial areas had similar spectral responses, they could not be 
differentiated during the landuse classification process and were grouped together 
as built-up area. Barren land and construction sites are lands cleared for 
different kind of construction such as buildings and roads. Land cleared or hills 
flattened for further urban-oriented development are classified as construction 
sites. Barren land without grass covers that exhibits similar reflectance is also 
included. 
Since marketing gardening is the main type of agriculture in the Guanlan River 
Basin, the term "agriculture" in this thesis refers to market-gardening farming 
activities. Market-gardening is defined as growing crops for horticultural 
purpose and growing fruits and vegetable crops. Patches of vegetable fields 
varying in shape and size are usually found in the outskirts of the towns. 
Water bodies include river, ponds and reservoirs. Having very low reflectance in 
all bands, water bodies are very easy to be identified. In a false-color composite 
imageries, water surface displays dark to light grey colour and sometimes dark 
blue colour. Lighter color is normally caused by sediment and high turbidity. 
Large patches of grassland are observed in the Guanlan River Basin. Spectral 
reflectance of the grassland is very close to that of woodland. When land surface 
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is mainly covered with trees and scrubs, the term "woodland" is used. Both 
grassland and woodland are found in hillsides or mountains. However, grassland 
is also found on those abandoned fields near the built-up areas. 
Training areas for each LULC type were delineated and the digital number for the 
pixels located within each training area were recorded. These pixel values then 
formed a sample to be used for classifying the study area into six LULC 
categories using the maximum likelihood principle. Maximum likelihood 
classification is a method that estimates the probabilities for membership in each 
class and maximizes the likelihood of a correct classification. It is known that 
informational classes are often spectrally impure and frequency distributions of 
different categories may sometimes overlap, maximum likelihood classification 
minimizes the errors through calculation of the relative likelihood for each pixel 
to be assigned to different classes. To ensure the accuracy and correctness, 
"ground-training" verification of landuse and land cover classification was 
performed to minimize the errors and mis-classification. 
A simple image differencing technique involving a pixel-by-pixel subtraction of 
an image from image acquired at another time was performed to determine the 
"from-to" landuse change. A threshold system was placed to differentiate pixel 
with changes from those without changes. A change threshold was usually 
decided by applying different thresholds of change on enhanced imagery to see if 
they fit changes correctly. It was presented as standard deviations from the 
radiance mean value (Jensen 1981). 
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Interactively, an area of change is detected when change thresholds were set at 
one standard deviation from the mean value for all bands. In other words, 
differenced values smaller than or greater than the threshold boundaries at both 
tails of the "differenced" distribution were considered as pixel experienced 
changes, and threshold boundaries set at one standard deviation were found to be 
ideally accurate in identifying changes. 
Auto-scaling was also applied to the algorithm. In this process, two passes were 
conducted. The first pass was to determine the minimum and maximum values 
after subtraction. The second pass then used the minimum and maximum values 
to scale the values to a full range of the output channel. The algorithm is 
expressed mathematically as 
Xijk = BVyk(l)-BVyk(2) (3.10) 
Where Xijk = differenced pixel value 
BVijk (1) = brightness value at time 1 
B Vij/c (2) = brightness value at time 2 
After applied image differencing technique and compared the "differenced" 
images, "from-to" LULC changes could be derived. 
Since “noise,，，defined as the error signal on the image, was recorded after the 
supervised classification, filter processing was employed. Filtering function, a 
low pas filter of 3 x 3, was activated for clearing the "noise". 
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Watershed boundaries delineated described in the previous section were overlaid 
on the classified images. Number of pixels classified in each landuse category 
was then recorded in the final statistical report. Classified landuse patterns were 
vectorized using image-to-vector function in Arclnfo GIS. Each landuse was 
represented as polygons with a common key. These polygons were then 
imported into Arc View as landuse coverage for modeling purpose. 
3.4.4.3. Assessment of Accuracy 
The assessment of accuracy was performed by comparing the classified images 
with false-color composite. Stratified systematic nonaligned sampling method 
was used to perform the assessments. As a general rule, 30 points were needed 
for each class. A total of 196 sampling points were collected from the study area 
where six landuse classes were devised. Landuse classified of these selected 
points was then compared to what they were shown in landuse map and field 
validation. 
To assess the accuracy of image processing study, the Kappa coefficient of 
agreement k was calculated for each of the classification (Campbell 1987). With 
a value of k, an estimation of chance agreement was being subtracted from the 
overall accuracy. The equation of A: is: 
k = (observed — expected)/( 1 - expected) (3.11) 
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The "observed" means the accuracy reported on the error matrices whilst the 
"expected" means the correct classification. 
3.5. Scenario Modeling 
In order to project a general picture of the water quality of the Guanlan River 
following landuse changes, the scenario assessment approach was employed to 
predict changes in water quality under different urbanization scenarios. 
Scenarios are hypothetical sequences of events devised for the purpose of 
focusing attention on causal processes and related decisions. They are thus 
descriptions of possible events and thinking patterns based on logical chains of 
assumptions and preconditions. They need not focus on precise statements but 
should rather take into account a wide variety of sequences and consider the main 
areas of impact and related links. Scenarios do not describe what and when it 
will happen, but what could happen. They allow us to better understand the 
consequences of future development under given preconditions and assumptions 
and can be dress-cut to address specific questions requiring solutions. 
In this study, three scenarios were formulated based on the developable land in the 
Guanlan River Basin. Developable land refers to the land which with a slope 
gradient less than 25° excluding waterbody and woodland which are legally 
protected from development. Developable land in the basin was estimated to be 
218.53 km^ which is equivalent to 91% of the whole basin. And the three 
scenarios assumed that the built-up area in 1998 would further expand to their 
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neighboring developable land to result in landuse and land cover changes. The 
scenarios further assumed that the conversion rate of agricultural land, barren 
construction sites and grassland into built-up area were weighted equally, and the 
conversion took place in the immediate vicinity of existing built-up area initially 
and will later extend to regions further away. 
(a) Scenario 1: 
One third of developable land was converted into built-up area at the expense 
of agricultural land, barren construction sites and grassland. 
(b) Scenario 2: 
Two third of developable land was converted into built-up area at the expense 
of agricultural land，barren construction sites and grassland. 
(c) Scenario 3: 
All developable land was totally urbanized and transformed into built-up area. 
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CHAPTER FOUR 
INTERFACING ARCVIEW GIS WITH WATER QUALITY MODEL 
The objective of this chapter is to describe the Arc View GIS-Water Quality 
Modeling system, explain how it was created, and illustrate how it can be 
modified for computing watershed parameters, NPS pollution loadings and 
instream water quality. In this study, water quality models are embedded within 
an Arc View system to enhance its efficiency and user-friendliness. Avenue 
scripts were written to automate several water quality modeling functions inside 
Arc View GIS ‘ These scripts were customized with menus and buttons in 
Arc View. 
The Arc View GIS based Water Quality Model developed contains three modules, 
i.e. Watershed Parameter Generator, Nonpoint Source Pollution Loading 
Generator, and Instream Water Quality Calculator. Data input and output are 
processed only on the Arc View interface and all model simulation processes are 
performed behind the user interface, 
4.1. Watershed Parameter Generator 
The Watershed Parameter Generator performs two operations: (1) to pre-process 
the entire hydrologic system, and (2) to isolate and process a sub-system. In the 
pre-processor, the stream-watershed network of the entire basin is defined, both in 
raster and vector domain, and in which a number of parameters for hydrologic and 
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water quality modeling are estimated. The isolation and processing mode 
consists of clipping out a hydrologic sub-system and preparing the input data file 
for Nonpoint Source Pollution Loading Generator. 
The Watershed Parameter Generator is comprised of three components (Figure 
4.1): (1) raster-based terrain analysis and network definition; (2) vectorization of 
basin geometries; and (3) computation of basin geometric characteristics. 
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Figure 4.1 ArcView interface of the Watershed Parameter Generator 
4.1.1. Topographic Analysis and Stream Network Definition 
Topographic analysis is undertaken to define a drainage system is based on the 
Digital Elevation Model (DEM). By running the flowdirection GIS function, a 
single downstream cell in the direction of the steepest descent is identified for 
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each terrain cell so that a unique path from every cell to the basin outlet can be 
determined. This process produces a cell-network which normally looks like a 
spanning tree, representing the pathways of watershed's flow system. However, 
since a flow direction cannot be found for cells that are lower than their 
surrounding neighboring cells, a process of filling the spurious terrain pits is 
necessary before running the flowdirection function. To fill the DEM pits, 
elevation values of pit cells are artificially increased to the level of surrounding 
terrain so that water is able to flow out of a concave area. Once the pits have 
been filled and the flow directions are known, the drainage area in units of cells is 
calculated by the flowaccumulation GIS function. The flowaccumulation 
fiinction counts the number of cells located upstream of every single cell and then 
multiplies this number by the cell area to estimate the drainage area. Figure 4.2 
illustrates an example of how the flowdirection and flowaccumulation functions 
work when they are applied to a DEM. 
Stream network is determined in a way that one single stream segment can be 
constructed for the study basin. Before constructing the stream network, the 
modeler must define the cell threshold or minimum stream drainage area. Cells 
having a greater flow accumulation than the user-defined threshold value are 
identified as a stream segment. Sub-basin outlets are defined based on the 
stream network. Outlet cells are identified at a junction of stream networks with 
one for each of the upstream branches. After sub-basin outlets are defined, a 
unique identification code is assigned to each stream segment connecting a 
headwater cell with one or two sub-basin outlet(s). A one-to-one relation 
between stream segments and sub-basins is maintained and used to delineate the 
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areas draining to the same sub-basin outlet. Figure 4.3 shows the operation of 
these processes. 
4.1.2. Vectorization of Basin Geometries 
After stream segments and their corresponding drainage areas have been 
delineated in the raster domain, a vectorization process is performed using 
raster-to-vector conversion functions of the Arc View Spatial Analyst. This 
process consists of creating a line data set of streams and a polygon data set of 
sub-basins. The reason for vectorization is that the number of hydrologic 
elements in the system is usually small compared with the number of grid cells, 
and fiirther processing and modeling will become faster in vector domain. 
Following the raster-to-vector conversion, vector-processing steps are included to 
preserve the one-to-one relationship between stream lines and sub-basin polygons 
and thus to determine the connectivity between polygons. 
To vectorize sub-basins, it is important to make sure that every sub-basin is 
represented by only one single polygon. A sub-basin represented by more than 
one polygon is a common problem when raster representation of the sub-basin 
includes a dangling set of cells, i.e. a group of cells connected to the main set of 
cells because the raster-to-vector converter grouped into discrete polygons cells 
with the same value and a common side. In such a case, the dangling set of cells 
would be assigned to a different polygon and these cells created another polygon 
for the same sub-basin with same identification code. A program has also been 
developed to merge polygons which correspond to the same sub-basin into a 
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single polygon. For each sub-basin polygon, the module identifies all the 
sub-basin polygons located upstream of it and merges them so that they can be 
easily retrieved when a watershed is being delineated from a point. 
4.1.3. Computation of Basin Geometric Characteristics 
Sub-basin geometric characteristics estimated by this module include area, length 
and slope of the flow-path. Sub-basin area is calculated automatically in the 
process of vectorizing the sub-basin polygons. Once a stream network and 
sub-basins are identified, the user may choose to isolate a hydrologic sub-system 
for further modeling. In this module, a user can isolate the drainage area of a 
user-defined point and therefore define a sub-system composed of streams and 
sub-basin for creating the corresponding GIS vector data layers. Basin 
geometric characteristics are transferred to attribute tables of new data layers and 
new parameters can then be determined. Figure 4.4 is an example of outputs of 
these processes. 
4.2. Nonpoint Source Pollution Loading Generator 
Nonpoint Source Pollution Loading Generator (Figure 4.5) makes use of the curve 
number and runoff to estimate the nonpoint source pollution loading for each cell 
having regard to its landuse and hydrologic soil group. The Curve Number (CN) 
and Event Mean Concentration (EMC) methods have been programmed as an 
Arc View extension. Values of different curve numbers are written into a text 
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Figure 4.4 Example of basin geometric characteristics generated. 
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Figure 4.5 Interface of the Nonpoint Source Pollution Loading Generator 
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file (Figure 4.6). EMC of different landuses has been coded in the extension. 
To run the module, Arc View Spatial Analyst is needed. 
To run the Nonpoint Source Pollution Loading Generator, the data input include 
landuse-land cover types (LULC), hydrologic soil group (HSG) and rainfall. 
Both LULC and HSG maps should be in the vector format and need to be clipped 
by drainage boundaries delineated by Watershed Parameter Generator. The 
LULC and HSG maps must have "Reclsjand" and "Recls_soil" fields in their 
attribute table, respectively, to specify classification of landuse and HSG types. 
Rainfall data are written in a text file. 
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Figure 4.6 Input data for the Nonpoint Source Pollution Loading Generator. 
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Once LULC and HSG maps are available, the curve number can be calculated by 
using Calculate the CN option from the NSP menu (Figure 4.7). After selecting 
landuse and soil map, the user will be prompted to choose the directory for saving 
the output file and to name the output file. At the end of the process, a window 
will pop up displaying the range of curve numbers calculated and the curve 
number map was added to the system window. 
Before runoff calculation, the module requires the user to input the text file 
containing rainfall data. By selecting Run NSP option, Runoff Depth option and 
then Runoff Volume option from the NSP menu, the surface runoff depth and 
runoff volume are determined by the system automatically. In addition, the 
module allows the user to specify Antecedent Moisture Conditions in runoff 
calculation. Once a runoff volume map is created, the user can then estimate 
NSP pollution by selecting NPS pollutant loading option from NSP menu. NSP 
pollution concentration modeled would then be mapped in the system window. 
Figure 4.8 is a flowchart of these steps. 
To predict the water quality impact of landuse change defined in the scenarios set 
in Chapter three, a "What-If option is included in this module. The Land use 
classification option from NSP menu (Figure 4.9) enables the user to assign new 
landuse type to the landuse map and then re-calculate the curve number, runoff 
and finally NPS pollution loading. 
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4.3. Instream Water Quality Calculator 
Instream Water Quality Calculator (Figure 4.10) is different from the previous two 
modules. The previous two modules are embedded within an Arc View GIS 
using a "model within" approach. This module, however, employs a loose 
coupling strategy. Model inputs are exported by Arc View GIS in text files. 
These files become the inputs for WASP5 through a Fortran formatting program. 
After execution of WASPS, the model's output file is processed by another 
Fortran program for conversion into Arc View GIS readable format. The output 
can be viewed as tables, charts, or maps. 74 
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Figure 4.10 Instream Water Quality Calculator 
In ArcView GIS, the input data were stored in attribute tables or database files 
(Figure 4.11) including river flow data, flow accumulation value, runoff 
accumulation value, river channel segment parameters, and nonpoint source 
pollution loading. These data are either generated by the Watershed Parameter 
Generator or calculated by the Nonpoint Source Pollution Loading Generator, or 
obtained directly from Zeng's report (1992). 
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Figure 4.11 Input data for the Arc View GIS-WASP5 model 
Once input text files are created, a model run can then be executed by simply 
choosing the BOD/DO Model: Run EUTR05 leading to a DOS window as an 
EUTR05 interface for executing the input file (Figure 4.12). As shown in 
Figure 4.13, the final output can then be processed and viewed through 
ArcView. • 
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Figure 4.12 Running WASP5 model in the ArcView GIS interface. 
76 , 
‘J ^ ^  I H- ^ 
^ 欢一 I BOD Concentration , ~ 
： 知 ， ， < … 
. . : , S . - … . ， K 
• • - -
— — _ 丄 / 
- ” ’ � “ ‘ , M-' “ “ ‘ ‘ jJ 
Figure 4.13 Output display of modeled instream water quality data in ArcView. 
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CHAPTER FIVE 
LANDUSE AND LAND COVER CHANGES 
The objective of this chapter is to discuss the changes in landuse and land cover 
(LULC) in the Guanlan River Basin based on analyzes of satellite imageries 
acquired in 1991，1994 and 1998. The chapter will first introduce a framework 
for analysis, explain how LULC change are interpreted and finally present 
findings on the spatio-temporal LULC changes in the Guanlan River Basin. 
5.1. Framework for Analysis 
Three satellite imageries acquired in 1991, 1994 and 1998 (Figure 5.1) were 
overlaid to depict variations in landuse and land cover over time. Comparison of 
LULC regimes between 1991 and 1998 was made after general description and 
analysis on landuse patterns in 1991，1994 and 1998 are given. Matrices like 
Table 5.1 was produced showing the "change from and change to" in LULC 
between 1991 and 1998. Each row shows the area of one landuse class that has 
been changed to other classes in 1998. Hence, each column shows the class 
composition or the source of changes (i.e. landuse in 1991) of new area that has 
been added to each class. As mentioned in Chapter Three, the Image 
Differencing technique was employed to detect landuse and land cover changes. 
Therefore, all figures presented in the matrix were areas that have experienced 
landuse changes. 
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Figure 5.1 Satellite imageries of the Guanlan River Basin in 1991,1994 and 1998. 
Table 5.1 Matrix showing landuse and land cover changes. 
1991 
1998 Agri |Grasslaiid| Water Wood Builtup B/C Total 
Agri 
Grassland R - > R R U 
Water ^ ^ 
Woodland  
Built-up 
B/C U - ^ R U - > U  
—1998 Total I I I I I I I 
Agri - Agricultural field 
Water - Water-body 
Wood - Woodland 
Built-up _ Built-up areas 
B/C - Barren land and construction sites 
U - Urbanized area 
R - Rural area 
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Ideally, the sum of values in one row for each individual landuse category should 
be equal to the value in the cell of “1991 Total，，. Similarly, the sum of values in 
one column for each individual landuse category should be equal to the value in 
the cell of “1998 Total". However, some small differences between row sum and 
value in the "Total" cell, and between column sum and the "Total" cell did appear 
in the matrix. They were results of mathematical operations involving 
conversion of units and correction of decimal places. In this case，such 
differences were small and were not considered as errors. 
In this study, water-body, agricultural field, grassland, and woodland were 
grouped as rural type landuses, while built-up areas, barren land and construction 
sites were considered to be urban type landuses. The following four general 
types of landuse and land cover changes were identified and analyzed: 
rural-to-rural (R — R), rural-to-urban (R U), urban-to-mral (U + R), and 
urban-to-urban (U U). Rural-to-mral changes were landuse changes within 
the rural area and were results of urban encroachment. Urban-to-mral category 
was a rare case in the study basin. Whilst it was unlikely that built-up area is 
transformed into cropland, grassland or woodland, this could happen when a 
partly built construction site was partly reverted back to grassland was and this is 
identified as urban-to-mral change. The change of built-up areas to construction 
sites represented an urban renewal process whilst the change from construction 
sites to built-up areas indicated the progress of construction work over the study 
period. These two types of changes fell into the urban-to-urban category. 
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To examine the mechanism of landuse change, an analysis was undertaken to 
determine the change in the areal extent of each class and also the source of 
change. The three steps involved are as follows: (1) describe and locate the areal 
change and source of changes, (2) assess the error and accuracy of classified 
landuse change, (3) identify the pattern of landuse changes. 
To summarize, changes in the rural-to-urban category represent the urban 
expansion process which has significant bearing on the water quality of the GRB. 
This is because urbanization leads to creation of impervious surfaces and 
therefore causes increase in surface runoff volume and greater propensity of 
washing of accumulated pollutants to surface water bodies. The end result of 
urbanization process is increased nonpoint source pollution loadings. Because 
different landuse changes can cause impacts of different nature and intensity, the 
water impacts can be managed by careful landuse planning. 
5.2. Landuse Changes During the Study Period 
5.2.1. Areal Landuse Changes 
Table 5.2 and Table 5.3 show the LULC categories in terms of absolute area and 
relative changes in 1991, 1994 and 1998. It is noted in Table 5.2 that great 
changes occurred on barren land and construction sites, built-up areas, woodland 
and agricultural field. Agricultural field experienced a 25.7% of reduction 
during the period 1991-1998. For the same period, woodland decreased by 
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41.1%. Built-up area increased by 182.3% within 7 years at the expense of 
losing agricultural field. Barren land and construction sites increased by 
216.2%. 
Table 5.2 Areas and changes of each landuse class in 1991, 1994 and 1998 
Total Area (km )^ Landuse Change (%) 
1991 1994 1998 1991-199411994-1998| 1991-1998 
Agri 一 1 6 9 . 5 1 1 3 ^ 125.88 -19.35 -7.92 ^ ^ ^ 
Grassland — 13.27 ^ 16.51 -43.58 120.51 
Water 一 1.06 3.38 136.36 35.58 2 2 0 ^ 
Woodland — 30.70 一 25.39 IS.To -17.28 -28.73— -41.05 
Built-up 一 12.89 36.38— 28.68 119.39 1 8 ^ 
i / C 12.58| 51.361 39.77I 308.40| -22.57| 216.22 
* Agri - Agricultural field; B/C - Barren and construction sites 
Table 5.3 Landuse changes in 1991, 1994 and 1998 
0/0 of Total Watershed Area Landuse Change (%) 
1991 1994 1998 "T991-94 1994-98 1991-98 
Agri 70.63 56.% 52.45 “ -13.67 一 -4.50 
Grassland 5.53 3.12 6.88 -2.41 — 3.76 一 1.34 
Water — 0.44 1.04 0.61 0.36 ~ 0.97 
Woodland — 12.79 10.58 IM -222 -3.04 ~ -5.25 
Built-up — 5.37 6.91 I5T16 1.54 8.25 ~ 9.79 
B/C 5.24| 21.40| 16.57! 16.16| -4.831 11.33 
* Agri - Agricultural field; B/C - Barren and construction sites 
Comparison of the satellite imageries taken in the 1990's indicates that most of 
the landuse and land cover changes concerning agricultural field, water-body, and 
barren land and construction sites occurred in the early rather than the latter part 
of the decade. For example, agricultural field decreased by 19.4% in the period 
of 1991-1994 whereas the corresponding figure for 1994-1998 was 7.9%. 
Water-bodies increased 100.8% more during the period 1991-1994 than during 
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1994-1998. Barren land and construction sites increased in areas by 308.4% in 
the period of 1991-1994 and decreased by 22.6% in the period of 1994-1998. 
On the other hand, greater change of grassland, woodland and built-up area were 
observed for the period 1994-1998. 
On the other hand, greater changes in the areal extent of grassland, woodland and 
built-up area were observed for the period 1994 - 1998. Grassland, for instance, 
increased by 120.5% in the period of 1994 - 1998. Woodland decreased 28.73% 
in the period of 1994-1998 as compared to 17.3% decrease in the period 
1991-1994. Built-up area was 98.8% higher in the period of 1994-1998 than in 
the period of 1991-1994. Rural areas made up of 89.7%, 71.9% and 68.5% of 
the study basin area in 1991，1994, and 1998，respectively. From 1991 to 1998, 
urban areas expanded by 21.2%, increasing from a coverage of 10.3% of the basin 
to 31.5% of the basin, and most of the increase took place in the 1991-1994 period. 
In addition, it was found that the change in landuse and land-cover was not 
uniformly reflected on all the LULC categories. 
In order to get obtain additional data to support the above observation, secondary 
data were taken from official statistical yearbooks for comparison with results of 
this study. However, the smallest administrative unit used in statistical source 
books is a “county”，which is not exactly the same the study basin area, no data 
can be found for the study area. Therefore, the data obtained in this study could 
only be compared with that of the Baoan County, of which the GRB forms part of 
it administratively. Given that the data of the Baoan County were the only 
available information, they served as a general pointer as to what have happened 
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within and in the vicinity of the study watershed. 
Table 5.4 presents the population and area of cultivated land in the Baoan County 
from 1990 to 1998. The total population in 1998 was 259 236, representing an 
11% decrease as compared to 1990. During the same period, the proportion of 
non-agricultural population grew as a result of the decrease in agricultural 
population. The non-agricultural population in 1998 was 129 357, representing a 
22.68% increase as compared to that of 1990. For the same period, the 
agricultural population decreased from 212 005 in 1990 to 129 357 in 1998. In 
the Guanlan River Basin, the population increased by 20% from 30,000 in 1990 to 
36,000 in 1996. The increase in non-agricultural population would have 
increased the demand for housing, and public facilities like schools and hospitals, 
and would have led to an expansion of built-up land. From 1990 to 1996，Baoan 
County lost 232 810 mu of cultivated land, representing a 88.77% drop. 
However, the loss of cultivated land was much smaller in the Guanlan River Basin 
between 1991 and 1998, and the drop, as revealed by satellite imageries, was only 
18.18%. 
5.2.2. Inter-category Landuse Changes 
The Guanlan River Basin gained 21.2% more urban areas from 1991 to 1998 as 
more and more rural land was converted to urban uses. And at the same time, 
some previously urban areas were converted for other uses. A study of the 
inter-landuse change could provide a more complete picture of the landuse 
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changes. Table 5.5 demonstrates the inter-landuse category changes in the 
period of 1991-1998. 
Table 5.4. Population and cultivated area in Baoan County, 1990 - 1998. 
Population I Cultivated 
Year Non-agricultural — Agricultural Total area (mu) 
1990 一 79 286 (27 .22W 212 005 (72.78%) 291 291 一262 258 
—1991 一 83 260 (27.75%r 216 798 (72.25%) 300 058 一213 645 
— 1 9 9 2 ~~101 124 (30 .69W 228 341 (69.31%) 329 465 一143 210 
— 1 9 9 3 一 85 414 (39.69^~ 129 776 (60.31%) 215 190 ~ 4 4 ^ 
1994 - 91 302 (40.76%) 132 683 (59.24%7" 223 985 一 3 1 ^ 
— 1 9 9 5 ~ 1 0 3 173 (44 .58W 128 246 (55.42%) 231419 ~ ~ 3 0 ^ 
1996 - 106 716 (45.25%) 129 104 (54.74%7" 235 850 “ 2 9 ^ 
— 1 9 9 7 ~ 1 2 0 114 (48 .20W 129 076 (51.80%) 249 190 ^ 
— 1 9 9 8 129 357 (49.90%) 129 357 (49.90%) 259 236 NA 
* N A - N o t Available 
1 mu = 667 m 
Source: Guangdong Statistical Yearbook, 1991-1999. 
Table 5.5 Matrix showing the landuse changes between 1991 and 1998. 
I 
1998 Agri Grassland Water Wood Built-up B/C Total 
^ 125.93 ^ 11.26 2 8 . 0 6 1 6 ^ 
(74.27%) (0.36%) (0.36%) (6.64%) (16.55%) (100%) 
Grassland 1.20 11.21 13.28 
(9.07%) (6.52%) (8440%) (100%) 
Water 1.05 L ^ 
(100%) (100%) 
Woodland 10.90 1.70 18.10 S O T T T 
(35.51%) (5.55%) (58.94%) (100%) 
Built-up 12.89 12.89 
(100%) (100%) 
B/C 0.67 0.02 11.38 0.52 U M 
(5.36%) (0.13%) (90.37%) (4.14%) (100%) 
"1998 Total I 125.93| 16.5l| 3.381 18.1o| 36.39| 39.79| 
Unit: km^ 
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5.2.2.1. Rural-to-urban Changes 
In Table 5.5, the column under built-up land shows those landuses which had been 
converted to become new added built-up areas. It can be seen that from 1991 to 
1998, built-up areas increased by 23.5 km^, of which 11.26 km^ was converted 
from agricultural areas, accounting for 30.7% of the built-up area in 1998. In 
addition, grassland and B/C conversion contributed 0.87 W and 11.38 km^ of the 
built-up area, respectively. In total, 33.3% of the built-up area in 1998 came 
from rural landuse. Area of barren construction sites increased from 12.6 km^ to 
39.79 W , representing a gain of 27.19 W . Of this gain, a total of 39.27 W 
came from rural landuse, of which 28.06 km^ were originally from agricultural 
areas and 11.21 W from grassland. In total, 51.4 W of rural land was 
converted into urban landuses, of which 39.32 km^ was converted from 
agricultural areas. Moreover, a total of 12.08 km^ of grassland were changed to 
urban landuses. About 23.19% of agricultural areas were converted to urban 
landuses from 1991 to 1998. 
5.2.2.2. Rural-to-rural Changes 
The area of grassland increased by 3.23 km^ or 24.3%. The major source of new 
grassland was woodland which accounted for 10.9 km^ or about 66% of grassland 
in 1998. The second major source was agricultural land which accounted for 
3.71 km or 22.5%. The primary cause of woodland conversion to grassland was 
deforestation, whereas agricultural areas were transformed to grassland because of 
urban encroachment and land speculation. 
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The area of water-bodies increased by 2.33 W , mainly from woodland and 
agricultural areas. Woodland contributed 50.29% of the new water surfaces 
whilst agricultural areas contributed another 18%. Increase in the area of 
waterbody was due to the construction of reservoirs in the GRB. Reservoir 
storage has been used to serve local domestic use as well as the people in 
Shenzhen and Hong Kong through the Dongjiang-Shenzhen Water Supply 
Scheme. 
5.2.3. Error Matrix 
In the classification of landuse and landcover from satellite imageries, errors 
might occur due to misclassification and omission of specific LULC categories 
during the mapping processes. An error matrix can be compiled by aggregating 
observed LULC code and estimated LULC code for all sample points. Observed 
LULC code was extracted from the book Photomap Atlas of Shenzhen City and 
maps of Shenzhen (Shenzhen Planning and Land Bureau 1999). 
The error matrix is a symmetric matrix with the column and row denoting the 
LULC categories versus that of the reference data (i.e. that data extracted from the 
Photomap Atlas) respectively. Based on the matrix, the following statistics were 
generated: 
(a) Overall accuracy - the ratio of total number of correctly classified sample 
points to total number of samples. This is the most commonly used statistic 
to assess the accuracy of landuse and land cover classification. 
(b) For individual LULC categories, two accuracy indices, i.e. producer's 
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accuracy and user's accuracy, were derived. The former is a measure of the 
error of omission and the latter is a measure of the error of commission. 
(i) Producer's accuracy is the ratio of total number of correctly classified 
sample points of a particular category to total number of referenced 
sample points of that category. 
(ii) User's accuracy is the ratio of total number of correctly classified 
sample points of a particular category to total number of sample points 
classified as that category 
The Kappa coefficient of agreement was also calculated for each of the 
classification using the equation listed in Chapter Three. 
Table 5.6a，5.6b and 5.6c show error matrix and accuracy results of the Guanlan 
River Basin for the 1991, 1994, and 1998 classifications, respectively. The 
overall accuracy for 1991, 1994 and 1998 landuse and land cover classifications 
were 96.25%, 96.25%, and 95.41%, respectively, whilst the kappa coefficient {k) 
were 94.39，94.38，and 92.17 respectively. Their average Producer's accuracy 
were 96.29%, 94.82%, and 92.19% whilst average User's accuracy were 96.06%, 
94.91%, and 92.19% for 1991, 1994, and 1998 classification respectively. In 
other words, the overall accuracy was high and the probability of 
mis-classification was low. The landuse categories were well separated and 
interpreted in the classification processes with few classification errors. 
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Table 5.6a Error Matrix of the Guanlan River Basin 1991. 
Producer's 
Reference Image 1 2 3 4 5 6 Total Accuracy 
1. Grassland 39| 0| 0| 0| 0| "T] 40 97.50% 
2. Water 0 35 0 1 1 Q 37 94.59% 
3.Agri. 0 0 , 28 1 0 0 29 96.55% 
4. Woodland I 0 0 25 0 0 26 96.15% 
5. Built-up 1 1 0 0 72 1 75 96.00% 
6. B / C 0| Q| o | o | L| 321 33 96 .97% 
Total 41 36 28 27 74 34 240 
User's Accuracy 95.1% 97.2% 100% 92.6% 97.3% 94.1% 
Error of Omission Error of Commission 
Grassland 1/40 = 2.50% 2/41 = 4.88o/o 
Water 2/37 = 5.41% 1/36 = 2.78% 
Agri. 1/29 = 3.45% 0/28 = 0.000 
Woodland 1/26-3.85% 2/27 - 7.41% 
Built-up 3/75 = 4.00% 2/74 = 2.70% 
B/C 1/33 = 3.03% 2/34 = 5.88% 
Overall Accuracy = 96.25% 
Average Producer's Accuracy = 96.29% 
Average User's Accuracy = 96.06% 
K value = 94.39 
Table 5.6b Error Matrix of the Guanlan River Basin 1994. 
Producer's 
Reference Image 1 2 3 4 5 6 Total Accuracy 
1. Grassland . 12[ 0| Ol 0丨 0丨 j] 13 92.31% 
2. Water 0 . 25 0 T 1 0 27 92.59% 
Agri. 0 0 12 1 一 0 0 13 92.31% 
4. Woodland ]_ 0 0 0 ~~0 28 96.43% 
5. Built-up ]. 1 0 0 101 r 104 97.12% 
6. B/C o| o| o| o[ l | m | 55 98.18% 
Total 14 26 12 29 103 56 240 
User's Accuracy 85.7% 96.2% 100% 93.1% 98.1% 96.4% 
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Error of Omission Error of Commission 
Grassland 7.69% 14.29% 
Water 7.41% 3.85% 
Agri. 7.69% 0.00% 
Woodland 3.57% 6.90% 
Built-up 2.88% 1.94% 
B/C 1.82% 3.57% 
Overall Accuracy = 96.25% 
Average Producer's Accuracy = 94.82% 
Average User's Accuracy = 94.91 % 
K value =94.38 
Table 5.6c Error Matrix of the Guanlan River Basin 1998. 
Producer's 
Reference Image 1 2 3 4 5 6 Total Accuracy 
1. Grassland 15| Q| Ol l| l| 61 17 88.24% 
2. Water 2 8 0 1 一 0 Q 11 72.73% 
3.Agri. 0 0 72 1 Q 0 73 98.63% 
4. Woodland ]. 0 1 18 0 ~ Q 20 90.00% 
5. Built-up q 1 0 0 84 ~~0 85 98.82% 
6. B/C q| Q| o| q| 21 32| 34 94.12% 
Total 18 9 73 21 87 32 240 
User's Accuracy 83.3% 88.9% 98.6% 85.7% 96.6% 100% 
Error of Omission Error of Commission 
Grassland 11.76% 16.67% 
Water 27.27% 11.11% 
Agri. 1.37% 1.37% 
Woodland 10.00% 14.29% 
Built-up 1.18% 3.45% 
B/C 5.88% 0.00% 
Overall Accuracy = 95.41% 
Average Producer's Accuracy = 90.42% 
Average User's Accuracy = 92.19% 
K value =92.17 
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5.3. Spatial Pattern of Landuse and Land cover 
The rural-to-urban landuses conversion did not occur uniformly over the entire 
watershed area resulting in different conversion rates in different parts of the 
watershed. Figure 5.2 illustrates the spatial distribution of landuse and land 
cover in 1991, 1994 and 1998 from which it can be seen that the most pronounced 
changes took place around old towns as well as in areas along rivers and main 
roads. 
WW 
Figure 5.2 Spatial distribution of landuse and land-cover pattern. 
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5.3.1. Urban Land 
As earlier defined, urban land includes built-up areas and barren land and 
construction sites. The previous section as already outlined that built-up area 
increased by 9.79% from 1991 to 1998，with most changes taking place around 
the Guanlan Town and the Longhua Town (Figure 5.3). Of these two owns, the 
areal expansion of the Longhua Town was more pronounced than that of the 
Guanlan Town. 
a) Loss of agricultural land b) Increase in built-up areas 
# # 
O Longhua Town G Guanlan Town j L 
Key m Agricultural area lost • Built-up areas 0 4000 8000 Meters识 ^ ^ [ 
added ^ I S ^ ^ ^ t ^ ^ m m d s 
Figure 5.3 Change of agricultural land and built-up areas from 1991 to 1998. 
Table 5.7 Imagery interpreted areal changes in towns, 1991-1998. 
Area (km') Changes (%) — 
1991 1994 1998 “ 1991-1994 1994-1998 1991-1998 
Longhua Town 2.088 2.601 14.117 0.246 4.428 — 5.761 
Guanlan Town 1.603 2.748 7.351 0.714 1.675 3.586 
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Examination of the satellite imageries also shows that built-up areas encroached 
onto agricultural fields in-between towns along riverbanks and major roads. 
Construction site was the biggest source of land for new built-up land where about 
31% of the new built-up areas came from barren land and construction sites. It 
was apparent that the magnitude of expansion was more marked around the 
Longhua Town. 
Barren land and construction sites were found scattering over the watershed with 
most of them concentrated around towns or next to major roads. Figure 5.2 
shows that sizes of barren land and construction sites were larger around the 
Longhua Town. Comparison of the three satellite imageries revealed that the 
areal extent of barren construction sites was much larger and more spread out in 
1994 than the other two. Large-scale land transactions were found around the 
two towns at the same time. The Guanlan Town expanded to the south and the 
Longhua Town extended to the southeast by building urban structures on 
agricultural fields. Sporadic construction sites were also found in the area 
linking up the two towns resulting possibly from the construction of transport 
infrastructure. 
At the end of the 1991-1998 study period, not all construction works were 
completed, leaving some of the construction sites remaining unchanged. In fact 
some construction sites had been left idling for a long period of time. This 
revealed that some construction work progressed at a slow pace for various 
reasons such as rising costs of construction materials. However, the idling or 
delay in project implementation has resulted in some cultivated lands being left 
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fallow for considerable periods of time. 
5.3.2. Rural Areas 
The area of water-bodies increased by 0.97% between 1991 and 1998. With 
reservoirs as the main water body, the GRB has many other small water-bodies 
scattering over the watershed, particularly in remote hills and distant areas where 
water gathering grounds are found. Since the early 1990s, several new reservoirs 
had been constructed to provide water not only for the local residents for domestic 
and industrial use, but also to Hong Kong as part of the Dongjiang-Shenzhen 
Water Scheme. 
Woodlands are normally found on hills located in the edges of the study area. 
Since these steep hills are remote from settlements, most of the natural woodlands 
are well conserved and protected. However, some of the original woodlands had 
been cleared due to deforestation, hill fire and agricultural development resulting 
in a loss of 5.25% of the woodlands from 1991 to 1998. 
Grassland was commonly found in the fringe ofbuiltup areas and the data showed 
that there was 1.34% increase in grassland area in the period of 1991-1998. 
Grassland was primarily converted from croplands, woodland, and barren 
construction sites. Conversion of cropland into grassland is commonly found in 
the fringe of builtup areas and along the Guanlan River. The occurrence of 
grassland in these localities may be an indication of idling of construction 
activities or land speculation practices. The change of cropland to grassland was 
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also found at the lower river course and the area to the north of the Guanlan Town. 
Conversion of woodland to grassland was found on the hillside and grass invasion 
in idled development sites had also increased grassland area in the study basin. 
Agricultural fields were mainly in the lowland. From 1991 to 1998，cropland 
was reduced by 19.19% to form barren construction sites, built-up areas and 
grassland. Such land transformation was mainly found near towns and along the 
river course and transport network. Acting as nuclei, towns were centers for 
land transformation extending outwards (Figure 5.3). 
5.4. Scenario Building 
As described in Chapter Three, three hypothetical scenarios were established 
based on the trend of landuse changes described above. Urban development is 
assumed to take place on developable land areas with slope gradient of less than 
25� . The scenarios assumed that the conversion rate of agricultural land, barren 
construction sites and grassland into built-up area were weighted equally，and the 
conversion initially takes place around existing built-up area gradually extending 
to regions further away. Details of landuse and landcover of these three 
scenarios are listed in Table 5.8. 
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Table 5.8 Landuse patterns of three hypothetical scenarios (area in km^). 
Landuse Scenario 1 Scenario 2 Scenario 3 ~ 
Agricultural field 1 0 0 ^ 50.34 -
Grassland 1 3 ^ 6.60 -
Water-body 3.38 3.38 
Woodland 18.10 18.10 18.10 
Built-up area 72M 145.68 218.53 
Barren land and construction sites 31.81 15.9 I 
5.5. Limitation of Landuse Classification Based on Satellite Image 
Interpretation 
Concluding this chapter, it is worthwhile to mention limitations of applying 
remote sensing techniques in depicting landuse changes. 
The most notable limitation is the inability of remote sensing in differentiating 
residential, industrial, commercial areas and roads which have similar spectral 
responses. These built-up areas can thus not be differentiated during the landuse 
classification process. But in reality, the rate of changes in residential, industrial, 
commercial areas and roads as well as their contribution to nonpoint source 
pollution loading can vary significantly. In this study, these differences could not 
be recognized. 
Secondly, the techniques used cannot differentiate golf courses from grazing land. 
The recreational use of rural land, such as golf courses, has become popular in 
recent years, particularly at the urban fringe. However, the remote sensing 
techniques used can as yet not able to differentiate the pasture is used as a golf 
course or a rangeland for grazing purposes. 
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Moreover, it was difficult to have a set of secondary data which match perfectly 
with the study area. This was particularly accentuated in most China-related 
studies. Most of the Chinese official data in statistical yearbooks are usually 
calibrated on the ‘‘city，，or “county，，level which is an administrative division. 
Information at a "town" level is often unavailable. This has undermined the 
usefulness of the secondary data regarding interpretation of the landuse change. 
For example, population data for individual towns in the Baoan County are not 
available. Hence, it is always impossible to know the exact population. 
As satellite imageries were acquired at specified times of the year, there may be 
> 
gaps in the data which make interpretation difficult. For example, it is extremely 
difficult to determine whether a piece of land is fallow after harvest, or abandoned 
from a single imagery. Furthermore, difficulty in correct interpretation of land 
cover is already compounded by seasonal change vegetation. Therefore, the 
change detected can be ambiguous and are not error free. 
5.5. Summary 
Comparison of the satellite imageries taken 1991, 1994 and 1998 has shown that 
the greatest landuse and landcover changes have taken place in the urban fringe 
where the development pressure is the greatest and the competing demand for 
land for various uses the most intense. It has been observed that farmlands are 
gradually giving way to barren land, construction sites and newly built-up areas. 
At the same time, the loss in cultivated land has been partly offset by the 
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conversion of the hill slopes for farming purpose but the gain from hill slopes is 
smaller than the loss to urban areas. The conversion of farmland to urban areas 
is most pronounced in urban fringe areas where farmlands are fragmented or even 
left idle because of project delays or land speculation activities. 
Conflicting among demands of land for different purposes was found and 
increasing pressure in the urban fringe can be seen from the pattern of landuse 
changes in the study area. New built-up areas and barren land and construction 
sites were expanding at the expense of farmland. Although these losses were 
compensated by newly cultivated areas in hillsides, the loss was much more 
greater than the gain. Moreover, more farmland being transformed has led to an 
increased fragmentation of agricultural land in the urban fringe which has also 
become a problem as this may quicken the transfer of land to other uses. 
The satellite imageries also show that the new built-up areas extend from old 
towns, i.e. the Guanlan Town and the Longhua Town, outwards to the barren 
construction sites, taking over grassland and farmlands. Such conversion is 
more intensive along the Guanlan River and transport networks. During the 
study period from 1991 to 1998，the basin was transformed from a rural landscape 
with small settlements to a mixed and complex mosaic of landuses dominated by 
urban uses. In the same period, urban land increased from 10.61 km^ to 31.73 
km^, by as much as nearly three folds. 
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CHAPTER SIX 
IMPACTS OF LANDUSE CHANGES ON 
NONPOINT SOURCE POLLUTION LOADING AND WATER QUALITY 
It is well known that a significant correlation exists between nonpoint source 
pollution loading and land use (Perry and Vanderkilen 1996). Therefore, there is 
always a great potential for water quality improvement with appropriate land-use 
management practices. The objectives of this chapter are to: 
(a) study the impact of landuse changes on nonpoint source pollution loading; and 
(b) assess how such nonpoint source pollution may affect instream water quality. 
6.1 • Impact of Landuse Changes on NFS Pollution Loading 
As described in Chapter Three, nonpoint source pollution loading is estimated in 
two steps. Firstly, the SCS Curve Number method is used to determine the 
amount of runoff. Then, the EMCs of pollutants are multiplied by the runoff 
amount to estimate the NFS loadings. 
6.1.1. Identification of Curve Number 
Curve Number is determined by considering landuse and hydrologic soil data. 
Table 6.1 shows the CN values for the common landuse-land cover types. The 
value ranges from 15 to 100 for different land uses. In general, water bodies 
which are completely impervious have a CN value of 100. It is noted that the 
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more impervious the land surface is the higher is the Curve Number. 
Table 6.1 Curve Number of landuse-land cover and hydrologic soil group. 
HSG A HSGC — 
AMC I [AMC n| AMC n f AMC 11 AMC 111 AMC 面 
Agricultural Area 46 67 82 W 83 ^ 
Grassland 21 39— 60 “ 54 74— 87 
Woodland 15 30 50 ~ ~ W 70 84 
Waterbody 100 100 100 —100 100 ~ 
^ /C Sites 57 76 — 88 77 “ 89 
Built-up Area 63 | 80 | 90 83 92— ~ % 
Note: HSG - Hydrologic Soil Group 
AMC - Antecedent Moisture Condition (I — Dry moisture condition, II — 
Normal moisture condition, IE - Wet moisture condition) 
B/C Sites — Barren Construction Sites 
6.1.2. Runoff and Areal Nonpoint Source Pollution Loadings 
Modeling results show that landuse changes can cause significant changes in 
runoff volumes and NPS pollution loadings (Table 6.2). However, it is also 
widely reported that changes in runoff volume and NPS pollution loading are not 
related to landuse changes in a simple or linear manner. For example, if AMC II 
is assumed, large-sized rainstorm event (Lio = 111.6mm) will produce 19,188,000 
m^ of runoff if the study basin is only 5.37% urbanized (1991) but the same 
rainfall amount will generate 19,481,000 m^ of runoff if the basin is 15.16% 
urbanized (1998). In other words, a three-fold increase in urban areas has only 














































































































































































































































































































































































































































































































































































































































































































































































































































































Figures 6.1，6.2 and 6.3 show BOD, TN and TP loads, respectively, for 
urbanization level under small-sized, medium-sized and large-sized storm events. 
A comparison of the three storm events indicates that the BOD, TN and TP loads 
were low under small-sized storm but high under large-sized storm. This is 
understandable because the loading for AMC III is the highest among the three 
AMCs. However, it is also found that the relationship between pollution loading 
and urbanization level is similar under the three AMCs. 
Variations in NFS pollution loads are sensitive to the nature of landuse change. 
BOD loading increases with urbanization level. Because BOD is typically an 
urban pollutant, the study results clearly show that conversion of rural areas to 
urban landuse would significantly increase BOD pollution. For TP, the loading 
decreases gradually with the increasing level of urbanization. For example, areal 
TP loading is reduced by about 35% from 1991 to Scenario 3. Because 
phosphorus is largely produced from agricultural activities, conversion of 
agricultural areas to urban landuse leads to the fall in TP loading. 
Because TN is derived from agriculture as well as urban origins, the loading 
remains relatively stable with urbanization because the decrease in agricultural 
contribution is made up by an increase in urban sources. There is thus no 
significant decreasing trend such as observed in the TP loading. That explains 
why the EMC values of TN for agricultural land and urban land are very close as 
shown in Table 3.2 of Chapter Three. The similarity in EMC values means that 
the conversion of agricultural land to urban areas does not necessarily result in a 
decrease or increase in TN loading. However, it should also be noted that when 
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most of the land is urbanized, the TN loading becomes a little bit higher in 
Scenario 3 than that in 1991 because the total area of agricultural and urban land 
in 1991 was less than total area of urban land in Scenario 3. 
Table 6.3 shows the contribution of different landuse categories to the estimated 
BOD, TN and TP loadings. For BOD, it was found that the major contributors in 
the period from 1991 to 1998 are mainly agricultural while the total contribution 
from Built-up Areas and Barren Construction Sites is less than 16%. With a 
rising level of urbanization, the contribution of Built-up Areas to BOD will 
increase significantly and may ultimately reach 99.3% in Scenario 3. For areal 
TN and TP loadings, the contribution of Built-up Areas remains at a fairly low 
and constant level until all agricultural lands are converted. In other words, 
Agricultural Area is the dominating contributor of TN and TP though the EMC 
value of TN for agricultural land and urban areas are fairly close, agricultural land 
still contributes most of the TN loading as long as it covers the majority of the 
basin and urban areas play only a minor part at the early stages of the urbanization 
process. Moreover, it is obvious that the contributions from grassland and 
woodland are consistently small at a level of less than 5% all the time. 
6.1.3. Sensitivity of NPS Pollution Loading to Landuse Changes 
Nonpoint source pollution has to be assessed in a spatial context because landuse 
and landuse changes display a strong spatial characteristic. Different landuse 
parcels may vary in size over the watershed and landuse changes do not occur 
uniformly. Figure 6.4 shows the NPS pollution loading contribution of each 
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sub-basin to the whole watershed. It was found that most of NPS pollution 
loading is derived from sub-basin 1 because it constitutes 21.36% of the total 
watershed area. However, as the land use evolves according to the designated 
scenarios, the contribution from sub-basin 1 to both BOD and TP will decrease, in 
relative terms, because of the loss in agricultural land and increases from other 
sub-basins. As regards TN, it is projected that it will first drop from 20.68% in 
1991 to 19.62% in Scenario 2 but will increase again to over 20% in Scenario 3. 
The initial decreasing trend is caused by the loss of agricultural land while the 
later increase trend is brought about by increase in urban landuse. The 
contribution of other sub-basins to BOD will increase, the contribution to TP will 
decrease, and the contribution to TN will fluctuate slightly. 
Table 6.3 Contribution of different landuses to estimated BOD, TN and TP. 
1991 1994 1998 | Scenario 1 | Scenario 21 Scenario 3 
Agricultural Field 95.08% 86.47% " s T m 51.08% 8.04% 0 
B Grassland 一 0.55% ~ 0.24% 1.30% 2.89% 0.45% 0 
O Woodland — 3.27% ~ 3.13% 1.75% 2.23% 1.40% 0.70% 
D Built-up Area 0.56% ~ 1.30% 6.88% 35.25% 88.76% 99.30% 
B/C Sites 一 0.54%— 8.86% 8.25% 8.55%" 1.35% 0 
~Agricultural F ] ^ 98.85% 97.60% " " 9 0 ? ^ 94.59% Q 0 
T Grassland 一 0.30%— 0.07% 0.16% 0.16% 0 0 
N Woodland — 0— 0 0.19% 0.19% 0.09% 0.09% 
Built-up Area 0.59% 0.49%—4.28% 4.46% 99.91% 99.91% 
B/C Sites 0.26%" l M % ~ 4 ^ o 0.59% 0 0 
~ Agricultural F ] ^ 99.12%" 99.14% 96.61% 0 0 
T Grassland 一 0.46% ~ 0.11% 0.26% 0.26% 0 0 
P Woodland 一 Q~ 0 0.30% 0.30% 0.23% 0.23% 
Built-up Area 0.35%" 0.29% 2.69% 99.77% 99.77% 
I B/C Sites 0.06%| 0.46%| L18%| Q.15%| o | 0 





















































































































































































































































































































































































































































































Figure 6.5 shows the degree of urbanization of various sub-watersheds and the 
associated changes in areal BOD, TN and TP loading for each sub-watershed. 
BOD loading changed roughly by 1-1.5% between 1991 and Scenario 3 for most 
of the sub-basins. It was found that sub-basins 2, 7 and 14 would experience the 
greatest magnitude of change. Sub-basins 2 and 7 have a change rate of over 
2.0% and the change rate for the sub-basin 2 is even over 50%. For TN, 
contributions from sub-basins 15, 16 and 17 will experience decreases. It means 
that the TN loading for these three sub-basins will be lower under Scenario 3 than 
in 1991. Although increasing contributions from other sub-basins have found， 
the change is less than 1% occurring mainly in sub-basins 2, 7，and 20. Changes 
in TN loading will follow a different trend. An increase in TP loading will take 
place only in sub-basin 2 whilst a drop is expected for other sub-basins. It is also 
clear that the changes in sub-basins 2 and 7 are related to urban expansion because 
these two sub-basins have experienced the greatest landuse changes. 
6.2. Instream Water Quality Analysis 
Since river water quality is controlled by both point and nonpoint source pollution, 
it is obviously that an assessment of water quality induced only by NPS would not 
reveal the actual water quality conditions, if both point and nonpoint sources are 
taken into account. Notwithstanding, it is argued in Chapter One that an 
appreciation of the water quality contributed by NPS will assist greatly the 
formulation of development and landuse plans. 
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Using the system developed, NPS pollution loadings have been estimated for 
three storm events under three AMC conditions for the study basin. However, 
for the sake of simplicity, the following section will only present the instream 
water quality under the Lio-AMC III condition. This is probably the worst-case 
condition, because the runoff volume is the greatest given the rainfall and 
antecedent conditions. Results of the simulations will then be measured against 
Grade II water quality criteria of the National Water Quality Criteria of China 
(NWQC II)，which are the water quality objectives for source water for domestic 
consumption. 
6.2.1. Downstream Variation of Water Quality 
Figure 6.6 illustrates that higher BOD concentration is found in stream segments 
of relatively more urbanized sub-basins such as Sub-basins 1，4, 9, 10，12, 13, 15, 
and 18. The highest BOD concentration is 1.0-1.5 mg/1 in segments 1, 13 and 15 
in 1991 whilst the concentration of the other segments is below 1.0 mg/1. Lower 
concentrations are found in segments near agricultural land. With increasing 
urbanization level, BOD concentrations increase for all segments both in terms of 
concentration levels and the number of segments with higher concentrations. 
The concentration for Segments 4, 10, 12，13 and 15 rises to 2.5-3.0 mg/1 under 
Scenario 3. Between 1994 and 1998, there was not any segment having BOD 
concentration higher than 2.0 mg/1. However, under Scenarios 1, 2 and 3，it is 
projected that there will be respectively six，seven and nine segments having 
concentration of 2.0-2.5 mg/1. It can thus be concluded that river water quality 






































































































































































































































































by the designated scenarios. 
Figure 6.7 shows that in 1991 the TN was high in sub-basins where the landuse 
was predominately agriculture. These include Sub-basins 1，2, 3, 4，7, 11, 13, 15, 
16，and 17 where, according to the prediction, the TN concentrations would be 
higher than 0.4 mg/1. From the results of this simulation exercise, one can see 
that as the percentage of urban landuse increases, the spatial pattern of TN 
concentration will become more complex. 
TP concentration (Figure 6.8) was high in Segments 1, 11，17 in 1991 with values 
reaching 0.06-0.1 mg/1. However, the other segments have generally low TP 
concentrations. It is a general trend that TP concentration declines in a 
downstream direction. As agricultural land decreases and being converted to 
urban land, TP concentration also decreases and most segments have TP 
concentrations less than 0.04 mg/1 under Scenario 3. 
6.2.2. Comparison with NWQC H 
In order to assess water pollution induced by NPS pollution loading, a comparison 
of BOD, TN and TP concentrations against the NWQC II was made. Water 
quality objective of NWQC II for BOD, TN and TP are < 3 mg/1, < 1.0 mg/1 and < 
0.1 mg/1 respectively. Since river water quality in this project is controlled by 
nonpoint source pollution only, the actual river water quality may be much worse 































































































































































































































































































































































































By comparing the simulated BOD, TN and TP concentration with NWQC II, it is 
found that the modeled concentrations are below the NWQC II criteria for any 
year and any scenario. In other words, river water is still clean and good for 
drinking purpose if only the contribution from NPS pollution is taken into account. 
Of course, there is always the possibility that point source pollution may still 
render the water unfit for human consumption, but point source pollution, unlike 
NPS, is much more amenable to control. Therefore, water quality improvement 
will require efforts to control point source pollution. However, this is not to say 
that NPS pollution does not require any control. The study shows that as 
urbanization increases, so will also BOD concentrations. In fact, BOD and TN 
concentrations resulting from NPS have almost exceeded the water quality 
objectives in some stream segments. Any improper land management may 
worsen the water quality. 
6.3. Strategies for Sustainable Water Quality Management 
Although landuse change is an inevitable result of urbanization, understanding of 
potential water quality impact of landuse change helps formulate management 
strategies and thus minimize the impacts. Firstly, it is important to consider 
water quality management in the context of total watershed management approach. 
Total watershed management is a holistic and integrative approach. Given the 
rapid landuse changes around the Guanlan Town and the Longhua Town, 
managing landuse alteration and its water quality impacts should not focus only 
on the administrative boundaries of the townships. Since the Guanlan Town and 
the Longhua Town are located in the same watershed, their impacts are 
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cumulatively extending from upstream to downstream. The total watershed 
management approach helps to elucidate the spatial variation of pollution loadings 
and the pattern of water quality of the entire watershed and to identify problematic 
areas. Moreover, a holistic perspective implies that the management of water 
quality should not only focus on one of the influencing factors. Modeled NPS 
pollution loadings and instream water quality show that water quality is affected 
by landuse change, hydrologic soil group, and precipitation. Focusing on 
managing some of these factors may alleviate the impact but cannot prevent water 
quality deterioration from its occurrence. 
Landuse change in the Guanlan River Basin has traditionally followed a 
demand-oriented approach resulting in significant increases in nonpoint source 
pollution loading. The ideology of “economy first, environment later" has 
aggravated the situation. An attractive alternative is to employ a supply-based 
approach that is intended to recognize the capacity of natural systems to 
indefinitely sustain the demands placed on them. Adopting this strategy, the 
respective management targets should be set to limit the water quality impact of 
landuse changes to within the environmental capacity. The long-term potential 
of local environmental capacity and the long-term water quality impact of each 
landuse type should be fully considered so as to rationalize the landuse. 
6.4. Limitation of the Study 
Concluding this chapter, it is worthwhile to mention the limitations of this study. 
Water quality simulation methods have been used to provide screening level 
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assessment and to provide insight into the relative impacts associated with landuse 
change. The SCS CN method, the core component of this study, has been used 
in a broad-brush manner to assess the long-term hydrological impacts of land use 
change. In the simulation work undertaken, steps have been undertaken to 
minimize complexity of the SCS CN method, resulting in the following 
simplification of neglecting base flow or through flow to stream and rivers that 
contributes to the total watershed runoff and pollutant loads measured in stream 
flow. 
Another limitation is that the models require measured event mean concentration 
to determine nonpoint source pollution loading. In studying the NPS pollution 
of a particular watershed, the values of event mean concentration should be 
obtained from the watershed to which the models are being applied. In other 
words, because the model relies on the event mean concentration measured when 
it determines the nonpoint source pollution loading, the availability and 
verifiability of pollutant loading become the key determinant of the reliability of 
the model output. Moreover, this literature-based expected mean concentrations 
assume constant values associated with each land use and are not allowed to vary 
from event to event. This weakness limits the application capability of this 
approach on other watershed in the Dongjiang Basin. 
One of the potential solutions to literature-based EMC problem is to extend the 
models by integrating the pollutant buildup and wash-off calculation. Pollutant 
"buildup and wash-off’ function is the most common formulation in current 
deterministic water quality models. Buildup refers to all dry-weather processes 
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that lead to accumulation of solids and associated pollutants on a watershed 
surface that are washed off during subsequent storm events. The wash-off 
relationship is an exponential function of the runoff depth. This approach has 
been successfully used in some recent studies (Haith and Shoemaker 1987， 
Dikshit and Loucks 1996, Bhadur et al 2000). 
In modeling the instream water quality using WASPS, hydrologic input data were 
taken directly from the studies conducted by Zeng et al. (1992). Hence, instream 
water quality modeled represents a particular situation in a point of time and may 
not be sufficient to represent the general situation of water quality. However, in 
a region without long-term measured hydrological data, the method adopted in 
this study still has its value in providing an assessment at the screening level and 
in delineating where potential problem areas are located. 
In order to have confidence in the predictive and comparative capabilities of this 
modeling approach, it is important to calibrate the models and validate the results 
against field data. Field observation for a watershed should also have temporally 
distributed water quality data so that model predictions of absolute and relative 
changes can be compared and validated. Due to time and resource constraints 
and unavailability of long-term water quality data, it has been about to conduct the 
validation. The results obtained so far can nonetheless be a starting point for 




This research attempts to ascertain changes in the landuse and land cover in the 
Guanlan River Basin in the 1990's and to assess the potential water quality 
impacts of such changes. Water pollution is known to be caused by point and 
non-point sources. Of the two, non-point source pollution has attracted a lot of 
attention because while the significance of point source pollution has been 
gradually reduced as a result of tightening pollution control, non-point source is 
becoming the major determinant of water quality in the medium to long term. 
Non-point source pollution, the subject of this research, is largely determined by 
landuses in a watershed. 
Assessment of the impacts of landuse change on nonpoint source pollution is 
important not only for an understanding of the water environment but also for 
optimizing land use management practices. This study has developed a 
screening level modeling f ramework using the popular curve number and event 
mean concentration techniques to estimate the areal NPS pollution loading. The 
model is integrated with the WASP5 model to assess the impact of NPS pollution 
loading changes on instream water quality. All of these models are embedded in 
the Arc View GIS environment to facilitate input data generation, data 
management, and visualization of the modeled results. The model developed is 
for the appraisal of development scenarios at the screening level. At this level, 
the focus of assessment is on the likely environmental outcome if the present 
trend of development continues and how environmental problems can be avoided 
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by adjusting the pace and location of development. 
7.1. Summary of Findings 
This framework is applied to the Guanlan River Basin to provide estimates of 
changes in NFS pollution loading and instream water quality in response to 
landuse changes in 1991，1994, and 1998, and possible future landuse changes 
under three scenarios. 
7.1.1. Landuse and Land Cover Changes 
In this study, satellite imageries interpretation techniques were adopted to study 
the landuse and land cover changes. It was found that significant landuse and 
land cover changes have taken place in Guanlan River Basin in the 1990，s. The 
proportion of rural landuse has decreased from 89.7% in 1991 to 68.5% in 1998. 
During the same period, there was 21.2% increase in urban areas with majority of 
urbanization taking place in the period of 1991-1994. Among the landuse and 
land cover categories studied, the greatest changes occurred in agriculture and 
built-up areas. Between 1991 and 1998, about 18.18% of agricultural land was 
lost, mostly taking place between 1991 and 1994. Builtup areas increased by 
9.79% between 1991 and 1998，mostly taking place between 1994 and 1998. 
Spatially, the imageries show that the rate of landuse change have not occurred 
uniformly over the entire watershed area. Generally speaking, new built-up 
areas have extended from the old towns, i.e. Guanlan Town and Longhua Town, 
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outwards to the barren construction sites, grassland and farmland. Such 
conversion is more intensive along the Guanlan River and the transport networks. 
During the seven year study period, the basin was transformed from a rural 
landscape with small settlements to a mixed and complex mosaic of landuses 
dominated by urban uses. In the period of 1991 and 1998, the urban land 
increased from 10.61 km^ to 31.73 km^, nearly by as much as three folds. 
From the pattern of landuse changes in the 1990,s, it is anticipated that 
urbanization in the Guanlan River Basin may continue, as more and more rural 
lands will be converted for urban uses. The water quality model has been used 
to assess the NPS pollution loading and the consequent water quality 
environment. 
7.11. GIS-based Water Quality Modeling 
The screening level modeling approach developed in this study has provided some 
insight into the linkages between landuse practices and stream water quality. 
The models can help examining the relative sensitivity of water quality to 
alterations in landuse changes. The Curve Number method and Event Mean 
Concentration Method were embedded in Arc View GIS to calculate surface runoff 
and nonpoint source pollution loadings. A close coupling strategy was employed 
to link up WASP EUTR05 and Arc View GIS to calculate the instream water 
quality. The strength of this modeling approach is to portray a big picture to land 
managers to visualize the impacts of future landuse changes on instream water 
quality. This will be the first and a fundamental step for developing any 
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sustainable development strategy. 
This modeling approach developed is simple and user-friendly. Arc View GIS 
enables the user to elucidate spatial variation in pollution levels and in 
environmental sensitivity over the watershed. Water quality models also enable 
the users to predict the trend of nonpoint source pollution loadings and instream 
water quality in the future. Although the models are designed to run with 
minimal data, they do require event mean concentration of the surface runoff and 
hydrologic data that were not readily available for the present study. 
Nonetheless, the framework that has been developed can be used as a starting 
point for further evaluation of different management strategies and land use 
planning scenarios. 
7.1.3. Pollution Loading and Instream Water Quality 
Projecting into the future, three land use scenarios have been proposed. They 
represented one-third, two-thirds and all of the developable land being converted 
to urban area. Under these three scenarios, which represent different possible 
urbanization levels, the GIS-based Models subsuming the Curve Number-Event 
Mean Concentration Method integrated with WASP5 was employed to study the 
nonpoint source pollution loading and instream water quality. It was found that 
areal BOD loading will increase, but TP will decline and TN will remain about 
the same as urbanization progresses. Because TP is largely an agricultural 
pollutant, the drop in TP loading is expected with increases in the level of 
urbanization. As the per unit area loading of TN, according to the EMC, for 
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agricultural land and urban landuse are about the same, the conversion of 
agricultural areas to urban land will not result in significant changes in TN 
loading levels. As per unit area loading of BOD is much higher for urban 
landuse than agricultural land, BOD loading rises with urbanization level. 
The simulation results under Scenario 3 indicate that there will be significant 
changes in the instream water quality. There will be significant increases in 
BOD levels in all river segments. However, TN levels will be increased in some 
segments and decreased in the others. Instream TP levels are also expected to 
decrease in all segments within the watershed. It is observed that the greatest 
changes are likely to take place in sub-basins 2 and 7 where the impacts can cause 
the most significant problems. However, the resultant instream water quality 
will still comply with the national water quality objective for drinking purposes 
for the parameters studied. Despite the simulation applies to non-point source 
pollution only, the result do suggest that if the point source pollution, which 
cannot be ascertained in this study, is not abated, there may still be significant 
problems in water quality in future. This will of course depend on how effective 
the water pollution control strategy is and whether or not resources are available 
to build the necessary infrastructure, such as sewage treatment plants, for point 
source pollution. 
7.2. Future Study 
This study has modelled the impact of historical and projected landuse changes on 
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nonpoint source pollution loading and instream water quality. One can carry the 
study further by looking at the sustainable landuse management strategy. Further 
work can be done to identify the optimal landuse and landcover in the Guanlan 
River Bain and Dongjiang that will facilitate the sustainable use of water resource? 
Of course, it is equally important to find out the potential hydrologic impacts of 
different landuse and landcover options? These are basic questions pertinent to 
the future development of the Pearl River Delta region. 
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